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Starch and Unannealed Glass under the Polariscope. 
By WALTER BaiLy*. 


[Plates I.-IV.] 


THERE are many bodies, of which a spherical grain of starch 
and a circular plate of unannealed glass may be taken as 
specimens, having an optical structure symmetrical about an 
axis through the body. The object of this paper is to inves- 
tigate the state of the light which emerges from such a body, 
when monochromatic light in any state of polarization is sent 
through the body in the direction of the axis. 

In fig. 1 (Plate I.) let SS’ and TT’ be drawn through R 
perpendicular to one another, and let U U' and V V" bisect 
the angles between them. Suppose a quarter-undulation plate 
to be fixed parallel to the paper, with its axes parallel to 8 8’ 
and T T'—and the light to be passed perpendicularly to the 
paper through a Nicol’s prism having its axis perpendicular 
to the paper and its plane of polarization inclined at an angle 
p to the line S S, then through the quarter-undulation plate, 
and then through the body, which is also to be placed with its 
axis perpendicular to the paper. 

Let the paper represent a section of the light after it has 
emerged from the body. Take any point P and draw round 
it an ellipse representing the polarization of the light at P. 


* Read June 28, 1878. 
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The state of the light will be completely determined if we 
know the angle (a) which the axis major of this ellipse makes 
with RP, the angle (8) which a line joining the extremitics 
of the axes of the ellipse makes with the axis major, and the 
direction in which the rotation takes place. 

Let the angle SR P=¢; produce RP to X and draw P Y 
LP X; take any point Q on the ellipse, let P Q=7, and the 
angle QP X x 0. 

The resolved part of the vibration at P along R P has been 
retarded in passing through the body ditferently to the resolved 
part perpendicular to RP. Let the resolved part along RP 
have been retarded by a quantity ø more than the mean amount, 
and the other part have been retarded by the same quantity 
less than the mean amount. The quantity c is a function of 
the distance R P. 

Let sin t represent the vibration in the zether after the light 
has passed through the Nicol. This is equivalent to 


cos p sin £ | SS’ 
and 
sin p sin £ | TT’. 


After passing through the quarter-undulation plate the 


vibrations become 


cos p sin (t + 45?) | SS’ 
and 
sin p sin (t— 45°) | TT’. 
These may be written (the coefficient 23 being omitted) 
cos p (sin t+ cos t) | SS’ 
and 
sin p (sin t— cos t) | TT’. 


It is easy to show that these vibrations represent motion in 
an ellipse whose axes are parallel to SS’ and TT’, and the ex- 
tremities of whose axes are joined by a line making an angle 
p with the axis major, 

These vibrations are equivalent to 


cos (p — $) sint + cos (p + $) cost | PX 


and 
| sin (p— $) sin t— sin (p ¢) cost | PY. 
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After passing through the body the displacement | PX is 
r cos 0, and that || P Y is rsin 6. Hence 
r cos = cos (p— $) sin (t-F e) + cos (p+ $) cos (t -- e), 
rsin Ô= sin (p— 4) sin (t—6) — sin (p + $) cos (t—0); 
which may be written 
rcosÜ—asintc-bcost, . . . . . (1) 
rsin@=a'sint+b/cost, . . . . . (2) 
where 
a = cos(p—d)cosa — cos (p -- f) sing, 
b=  cos(p—d)sin a + cos (p+¢) cosa, 
a’= sin (p—¢) cosa— sin(p+ $) sinc, 
V= — sin (p—¢) sing— sin (p+) cosa. 
Differentiating (1) and (2) with respect to t, we have 


dr . dô ; 
cos 8; — sin Or ^; —acost—bsint, . » « (3) 
. adr db _ pa 
sin 0. + cos Ôr yp =a cos t—b sint. . . (4) 


Multiplying (3) by r sin 0, and (4) by r cos 0, and subtracting, 
we have 
r i = (a sin ¢+ b cos t)(a! cos t — 86’ sin t) 


— (a' sint +b cos t)(a cos t—6b sin t); 
whence 


= sin 2p cos 2a — cos 2psin 2e sin 2$. . (5) 
Again, in (1), (2), (3), (4), let t have a value n makes 


r a maximum or minimum; then 0 becomes a, and $7 ; vanishes. 


Eliminating r from (1) and (2), we get 
(a sin «—a' cos a) sin t= — (b sina —U/ cosa) cost ; 


and eliminating Td; i z from (3) and (4), we get 


ARP, ASH MES cos t. 
Hence i 
asina—a'cosa , bsina—l'cosa _ 
b cosa+b'sina acosa+a’sinae — ^? 
or 
2(aa’ + bb’) — (+P —a? —b”) tan 2a =0; 
B2 
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that is, 
sin 2p sin 2c + cos 2p cos 2e sin 26 + cos 2p cos 2p tan 2a=0. (6) 


Now 7” L is proportional to the area of the ellipse, as the 


period of vibration is constant; and the axes of the ellipse are 
proportional to sin and cos £, since the intensity of the light, 
and consequently the sum of the squares of the axes is con- 
stant over the whole section Hence the area of the ellipse is 
also proportional to sin £ . cos 8 (that is, to sin 28). Putting 


=45° and ez 0 in (5), we get peal. But in this case 


the emerging light is circularly polarized, and consequently 
B=45°, whence sin 28 also equals unity. Hence in every 
case 


dð . 
Hence T? ji^ sm 28. 


sin 2p cos 2e — cos2psin2e sin 26 — sin2820. . (7) 


The locus of points at which the major axis of the ellipse of 
polarization is inclined at a constant angle to the radius RP 
will be called an * isoclinal line," and will be denoted by the 
symbol K(¢), where « is this angle. K(a) and K(a—90°) 
are both included in the equation (6), as that equation does 
not distinguish between major and minor axes. 

The locus of points at which the line joining the extremities 

of the axes makes a constant angle with the major axis will be 
called an “ isomorphal line,” and will be denoted by the sym- 
bol M(8), where B is thisangle, Equation (7) is the equation 
to M(B). 
* The direction of rotation of the ether is positive or negative 
according as sin 2/3 is positive or negative—that is, according 
as B is positive or negative, since we need only give f values 
lying between 4-45?. 

In figs. 2, 3, 4, 5 these loci are represented—the isomor- 
phals by continuous lines, and the isoclinals by dotted lines. 
The Arabic numerals indicate the values of æ in degrees, and 
the Roman numerals those of 6 in degrees, 

The value given to ø is RP + 90°, a function which has been 
assumed solely for convenience in drawing the figures. The 
figures are drawn between the limits c — 180? and ¢=360°. 
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An extension beyond these limits would give merely a repeti- 
tion of the portion within them, since an addition of 180° to 
the value of & makes no difference in the equations to the loci. 
Directions from the centres of these figures will be referred to 
by means of the lines in fig. 1. 

The values of p are in fig. 2, 45°, in fig. 3, 30°; in fig. 4, 
15°, and in fig. 5, zero. Accordingly the incident light is 
circularly polarized in fig. 2, elliptically in figs. 3 and 4 (the 
eccentricity of the ellipse being less in fig. 3 than in fig. 4), 
and plane-polarized in fig. 5. | 

The isomorphals and isoclinals drawn are those for which 
the values of a and 8 are 45°, 30°, 15°, and zero. The thick 
continuous lines are branches of M(0), which is the locus of 
plane-polarized light. ‘The round spots are loci of circularly 
polarized light, or M( 2-45). 

The symbol K( +a) will be used to include K(a), K(a—90°), 
K(—a), and K(90°—a); its equation is 
(sin 2p sin2c + cos 2p cos 2c sin 29)? = cos?2p cos? 2¢ tan?2a. (8) 
And the symbol M(+ 8) will be used to include M(8) and 
M(—8); its equation is 

(sin 2pcos 2e —cos2psin 2e sin 2$)? —sin?28. . (9) 

Putting 90°—¢, or —90?—4$, for $ in these equations 
makes no change in the equations. Hence K(+a) and 
M(24-8) are each symmetrical with respect to UU’ and 


/ 
Adding (8) and (9), we get 

cos? 2 . cos? 2p = cos?2a.cos?98, . . . (10) 
from which equation it appears that the intersections of 
K(+a) with M(+8) all lie on the two diameters defined by 
the equation ; and since «a and f are interchangeable in the 
equation, we see that K(+y) and M(+65) intersect on the 
same two diameters as K( +ô) and M( xy). 


Let 
c= ( 5 + i) w+; 
then K( +a) becomes 
(sin 2p cos 29 — cos 2p sin 29 sin 25)! — cos? 2¢ cos? 2p tan? 2a, 
and M(+ 8) becomes 
(sin 2p sin 23 4- cos 2p cos 29 sin 2p)? = sin? 2. 
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From these equations it appears that, in changing the sign 
of $, we shall change only the sign and not the magnitude of 
3; so that if we have drawn part of K(+a) or M( +a) be- 
tween the limits $ —0 and @=45°, we can draw the corre- 
sponding part of the curve between the limits $—0 and 

=—45°, Ifo’ be the value of o corresponding to — 4, 


n 1 
and therefore 
oto’ (n Ji tee s (II) 


Putting a=0 and B=0 in (8) and (9), we get for K(0), 

sin 2p sin 2e + cos 2p cos 2ø sin 26220; . . (12) 
and for M(0), 

sin 2pcos2e — cos2psin2e sin 2ġ=0. . . (13) 

Let s be the value of o where a radius $ intersects a branch 
of M(0), and let s+ £ be the value of o where the same radius 
intersects a branch of K( +a); then by (8) we have 

{(sin 2p sin 2s + cos 2p cos 2s sin 2) cos 2€ 

+ (sin 2p cos 2s— cos 2p sin 2s sin 2) sin 2£)}? 
= c08? 2p cos? 2¢ tan? 2a. . . . . . . . (14) 

But by (13) the coefficient of sin 2F=0, and £ is determined 
by cos 2¢ only, from which it appears that f has pairs of 
values of equal magnitude and opposite sign. Hence, if we 
have drawn a part of K(--2) on one side of a branch of M(0), 
we can draw the corresponding part on the other side of M(0). 

A similar property of M(+ 8) with respect to K(0) may be 
proved in the same manner. 

Where K( +a) intersects M(0), £ vanishes and the diameter 
becomes a tangent. Its position is determined by putting 
B=0 in (10). This gives 

cos? 2 cos? 2p = cos? 2a. . . . . (15) 
The position of the diameter tangents to M( -- 8) is determined 
by putting «2:0 in the same equation. We get 

cos? 26 cos? 2p = cos? 2B. . . . . (16) 


Hence the same diameters are tangents to K( +y), M(+y) 
at the points where they intersect M(0) and K(0) respectively. 
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If we put «2-45? for c in K(0) we obtain M(0), and con- 
versely. See equations (12) and (13). . evo 

If we put 02-90? for c in K(+a) or M( 2-8), the equation 
is unaltered; and by this means from one branch of one of 
these curves we can obtain all other branches of the curve. (18) 

We will now consider the forms of the loci, dealing first 
with figs. 3 and 4, in which the incident light is elliptically 
polarized. 

To obtain the isomorphals, we have the equation (7) for 
M(8) and (13) for M(0). 

Putting =p, we obtain the following equation to M(p), viz. 


sin o(sin 2psina+cos2pcosasin2¢)=0; . (19) 


and putting B=—p, we obtain the following equation to 
M(—p), viz. 


cos ø (sin 2p cosa — cos 2p sin ø sin2¢)=0. . (20) 


M(p) therefore consists of circles for which sin e=0, and 
ovals intersecting those circles on the diameters SS’ and TY’; 
and M(—p) consists of circles for which cos c0, and ovals 
intersecting those circles also on SS’ and TT’. The outer 
circles in the figures are circles of M(p); and the middle circle 
is one of the circles of M( —p). 

When B= +45°, the light becomes circularly polarized, and 
therefore the välis of a becomes indefinite; consequently in 
equation (6) we must have cos 2ġ=0. Putting this value of 
cos 26 in (7), we get the following values of $, c, and B at 
points where the polarization is circular:— 


$. c. B. 
+45°, nm+ 45°+p, — 45° 
+45°, nmr+135°+>p, + 45° 
—45°, nm+ 45°—p, + 45° 
—45°, nt 4- 195? — p, —45°. 


(21) 


These points will be called the “circular points.” All the 
isoclinals pass through all the circular points. The sign of 6 
indicates the direction of rotation of the ether. Where the 
sign is positive, the direction of rotation has not been altered 
by the passage of the light through the body; where the sign: 
is negative, the direction of rotation has been reversed. 
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To draw the isomorphals :— 

Mark the circular points by (21). Draw the circles of 
M(p) and M(—p) by (19) and (20). Draw one branch of 
M(0) from ¢=0 to $ 245? by (13). 

Obtain a branch of K(0) by (17). 

Obtain an oval of M(p) between the above limits by (14). 

Draw the part of a branch of M(8), for example, M(XV.) 
in fig. 3, or M(XXX.) in fig. 4, which lies on one side of 
M(0), and complete on the other side by (14). 

Draw the remaining branches of M(-x 8) between the above 
limits by (18). 

Draw the isomorphals between $ —0 and d= — 45° by (11), 
and complete the figure by means of the symmetry about 
UU’ and VV’. 

Write against the isomorphals the values of B, taking care 
to make the sign of 6 the same as that at the nearest circular 
point. 

To draw the isoclinals :— 

Equations (6) and (8) are not in a form available for cal- 
culation; but by solving (8) as a quadratic in sin 26, we 
obtain the equation to K(+a) in the form 


sin 2p cos 2c sin 2e cos? 2a + cos 2p(1— sin? 2e cos? 2a)sin 2 
= + sin 2a (cos? 2p — sin?2e cos?2a)à, . (22) 


from which, by putting successive values for ø, we can obtain 
corresponding values of ¢. 
By putting «=p, we obtain the equation to K( +p), viz. 


sin 2p cos 20 — cos 2p sin 2e sin 25 — + sin 2$. . (23) 


We have already obtained a branch of K(0). Draw from 
(23) the part of a branch of K(p) which lies on one side of 
M(0) between the limits $—0 and $245?, and from (22) 
obtain a similar part of a branch of K(-ca)—for example, 
K(15) in fig. 3 and K(30) in fig. 4. 

Complete these branches by (14). 

Complete the other branches between the same limits by 
(18). 

Draw the figure between $—0 and $2 —43? by (11), and 
complete the figure by the symmetry about U U’ and VV’. 

Draw straight lines in the direction U U’ and V V’ to give 
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K( +45), for which the equation is 


sin2$20. . . . . . . (24) 


To number the isoclinals :— 

Note in (6) that when a —nr, tan 2a2: —tan 26, or a= —4; 
and when o=(n+4)7, tan2a—tan 26, or a=+¢. Hence 
the intersections of the isoclinals with the circles of K(p) 
graduate that circle in the negative direction, and their in- 
tersections with the circle of K(—p) graduate that circle in 
the positive direction. Graduate these circles accordingly, 
taking care to deduct 180? from the graduation when it ex- 
ceeds 90°, and 360? from it when it exceeds 270°, and the 
readings will give the values of a. 

The deductions are made to keep the readings low, and for 
the sake of symmetry. 

From the figures 3 and 4 it appears that M( +p) divides 
the figure into regions of two kinds: one kind, which I will 
call the “ segments," contains all the points at which the light 
is more circularly polarized than the incident light; and the 
other kind, which I will call the * rings," contains all the 
points at which the light is more plane-polarized. 

In the segments the isomorphals are closed curves surround- 
ing the circular points ; and in the rings the isomorphals are 
closed curves surrounding the centre of the figure. 

It also appears that K( +p) divides the figure into regions 
of two kinds—one containing all the points at which both 
the axes of the ellipse are inclined to the radius by a greater 
angle than p, and the other containing all the points at which 
one of the axes is inclined at a less angle than p. Both 
kinds of regions are four-cornered, and have two opposite 
corners on circular points; but in the first kind both these 
circular points lie on the same radius, and in the second the 
circular points lie on different radii. The isoclinals in each 
region pass from one circular point to the other. 

Comparing fig. 3 with fig. 4, we see that as p increases, 
the segments become smaller, and the isomorphals in the rings 
become more circular. When p=45°, as in fig. 2, the seg- 
ments vanish, and the isomorphals all become circular, the 
equation to M(8) becoming 


cos 2e — sin 28 — 0. 
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The circular points are retained in the figure to show its 
relation to the other figures; but the whole circles through 
them are loci of circularly polarized light. 

The equation to K(+«) gives tan 2a=0 ; 


n. a= + 45°. 
The equation to K(+p) becomes 
cos 2o = + sin 2ġ. 


This curve is retained in the figure to show the continuity 
with the other figures—although, as the inclination is every- 
where 45° or —45°, the points on the curve have no special 
properties. For the same reason the straight lines K( +45) 
are retained. 

Again, comparing figs. 3 and 4, we see that as p diminishes, 
the segments increase ; and at last, in fig. 5, where p vanishes, 
the segments fill the whole space and the rings vanish. Each 
closed curve of M(0) is forced into a broken line consisting of 
quadrants of circles joined by pieces of diameters ; and as these 
closed curves now touch at their angles, they form together a 
complete system of circles and diameters whose equation is, 
putting p=0 in (13), 

| sin 2c sin 206 —0. 


The isoclinal K(0) also forms a system of circles and dia- 
meters; their equation is, from (12), 


cos 2c sin 20 — 0. 
All the other isomorphals form closed curves round the cir- 
cular points; their equation is, from (7), 
sin 2c sin 2¢ + sin 28 — 0. 
And all the other isoclinals pass from one circular point to 
another on the same radius ; their equation is, from (6), 
cos 2c tan 26$ + tan 2a — 0. 
The diameters of K(0) and M(0) coincide ; this is indicated 
in fig. 9 by the thick continuous line having dots on one side 
of it. 


The figure may be drawn in a similar manner to that de- 
scribed for figs. 3 and 4. 


GLASS UNDER THE POLARISCOPE. 11 


The locus of plane-polarized light may be investigated 
without reference to the condition of the rest of the light, by 
drawing M(0) by equation (13), and marking the direction 
of polarization at successive points on it by equation (15). 

In figs. 6, 7, and 8 the points through which short straight 
lines are drawn are points at which the light is plane-polarized ; 
aud the short straight lines through them show the direction 
of polarization at the points. The dotted lines connecting 
these points are loci of plane-polarized light. The centres 
about which small circles are drawn are points at which the 
light is circularly polarized; and in fig. 6 the dotted lines 
connecting these circles are loci of circularly polarized light. 
The signs within the circles indicate the direction of rotation 
of the zether ; see (21). 

In fig. 6, 0 45?; in fig. 7, p=22° 30’; in fig. 8, pz 0. 

If the light be passed through an analyzing Nicol with its 
plane of polarization inclined at an angle p’ to SS’, we can 
obtain the intensity of the light at any point as follows :— 

The vibration along the major axis is cos 8 cos t, and that 
along the minor axis is sing sint; so that the vibration in 
the direction of the plane of polarization of the analyzer is 


cos (p'— a) cos B cos t —sin (p' —a«) sin B sin t. 


Hence, if lis the intensity of the light after passing the 
analyzer, 


I- cos? (p' — a) cos? B + sin? (p' —a) sin’ B, 
2I=1 + cos2(p’ — a) cos 28. 


The appearance of the light after passing an analyzer 
might be calculated from this equation, but can be inferred 
more readily by an inspection of the figures, which show its 
state before passing. 

We notice that two dark spots will be seen on each branch 
of M(0), one at each extremity of a diameter, at the points 
where the vibration is perpendicular to the plane of the ana- 
lyzer. The spots on the successive branches of M(0) will be 
alternately on a certain diameter and on the diameter perpen- 
dicular to it. 

When the incident light is circularly polarized, these spots 
will move round in circles with unaltered appearance and at a 
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uniform rate as the analyzer is turned uniformly. See figs. 
2 and 6. 

When the incident light is elliptically polarized, the spots 
will move round the curves M(0); but the rate and appearance 
will vary (see figs. 3, 4, and 7). For on the circles of M(p) 
the major axis of the ellipse preserves a constant direction in 
space, since $ +a —0; but on the circles of M(—p) the major 
axis rotates uniformly in space with an angular velocity double 
that of the radius, since $ —a-:0. Hence in those portions 
of M(0) which are near the circles of M(p), the change in the 
direction of the vibration will be slow; so that in this part 
the spot will be elongated, and will move more rapidly than 
the analyzer is rotated: but in the parts of M(0) near the 
circles of M( —p), the change in the direction of the vibra- 
tion will be rapid; so that in these parts the spot will be 
shortened, and will move more slowly than the analyzer is 
rotated. 

When the incident light is plane-polarized (see figs. 5 
and 8), the slow-changing parts of M(0) have combined to 
form the inner and outer circles of the figure and the diame- 
ters SS’ and T T. Along these lines the direction of vibra- 
tion has no change, but remains constantly the same as 
that of the incident light; but on the middle circle of the 
figure, and on corresponding circles, the direction of vibration 
rotates uniformly with a velocity double that of the radius. 
Hence on the latter circles there will be spots moving uni- 
formly round with a velocity double that of the analyzer; 
but on the other parts of the figure there will be no spots. 
However, when the spots on the latter circles reach the 
diameters, then the former circles and the diameters will 
become black. 

If the light is not monochromatic, these appearances will 
not be so distinctly seen, as the absence of one colour will not 
occur exactly in the same place as the absence of another, 
since the position of the isomorphal and isoclinal lines de- 
pends upon the value of c, and this will differ for different 
colours. But the position of diameters which give plane- 
polarized light in figs. 5 and 8, is not dependent on the value 
of c; and hence with any light this cross will always appear 
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uncoloured, being black when the upper and lower Nicols are 
crossed, and in full light when they are parallel. 

If o is constant, the isomorphals and isoclinals become 
straight lines from the centre, and the state of the polariza- 
tion may be conveniently represented by taking a series of 
points in a circle round the centre, and drawing about each 
point the ellipse of polarization at that point. The ellipse 
will show the polarization along the radius or which it lies. 
This is done in figures 9 to 13, in which ø is about 159. In 
fig. 9, p= 45°; in fig. 10, p lies between 45° and ø; in fig. 11, 
p=; in fig. 12,p lies between o and zero; and in fig. 13, p 
is zero. 

Suppose now the light to be passed through an analyzer 
placed with its plane of polarization in the direction T T. 
When p=45°, the quadrants about U U' will be dark, and 
those about V V^ will be light. They will gradually shade 
into one another, there being no black or full light. As p di- 
minishes, U U’ becomes darker until, when p=o, U U’ is 
black (see fig. 11). As p further diminishes, the black bar 
opens out into a dark oblique cross, neither bar of which is 
black ; and when p becomes zero, this cross becomes rectan- 
gular and black. As p passes on to — «c, the cross becomes 
oblique and not black, and closes up into a black bar along 
V V’; and when p becomes —45°, the quadrants about V V’ 
are dark, and those about U U' light. "When we have the 
oblique cross, we can by a suitable turn of the analyzer make 
either arm of the cross black, (See fig. 12.) 

If the analyzer is placed with its plane of polarization i in the 
direction S S’, we get the same set of appearances, except that 
we get light for dark and dark for light ; and in the case of 
the single bar and rectangular cross, we get full light instead 
of black. 

The appearances presented when ø is variable may be well 
seen in cylindrical disks of unannealed glass. I do not know 
of any bodies which show very clearly the appearances pre- 
sented when c is constant. Crystals of salicene show the 
black cross remarkably well, and give indications of the single 
black bar; but in this substance c, though constant along 
each radius, varies in passing from one radius to another, and 
this completely hides the phenomena of the oblique cross. 
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However, in grains of tous-les-mois starch, phenomena closely 
analogous to those above described as presented when c is 
constant may be easily observed under a moderately high 
power—the only difference in the phenomena being that, in 
consequence of the grain of starch being generally an un- 
symmetrical body, the lines are distorted, the black cross, 
for instance, being neither rectangular nor rectilinear. See 
“The Optical Properties of Starch,” Phil. Mag. for August 
1876. 


II. An easy Method for Adjusting the Collimator of a Spectro- 
scope. By ARTHUR SCHUSTER, PA.D., F.R.A.S. 


THE ordinary method for adjusting the collimator of a 
spectroscope for parallel rays is only applicable to the mean 
rays of an achromatic combination. At the extreme ends 
of the spectrum a readjustment has to be made. If the 
ultra-violet rays are observed, and if the lenses are of quartz, 
the ordinary method cannot be used. The following method 
is so simple that I cannot help thinking it has often been in 
use; yet I have nowhere seen it described, and I know that 
others, like myself, have often found a difficulty in making 
the adjustment without much loss of time and with simple ap- 
paratus. 

The adjustment, as the following consideration will show, 
can be made on each line of the spectrum without any appa- 
ratus whatever. The only requirement is that the prism should 
be movable. 

Suppose the rays which fall on the prism to be either con- 
vergent or divergent; then, after their passage through the 
prism they will seem either to converge to or diverge from a 
point, which is the secondary focus: as the prism is turned, so 
as to change the first angle of incidence, the secondary focus 
will change. If the rays are strictly parallel, then, whatever 
be the position of the prism, the focus will not be altered. 
This, then, is a delicate test for ascertaining whether rays 
proceeding from the collimator are parallel or not. It remains 
to be shown how it can be converted into a rapid method to 
put the collimator into the right adjustment. 
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The three fundamental equations for the passage of a ray 
of light through a prism, 


sini =n sin re . . . e... (1) 
sin V =nsin r, e . . a. e- (2) 


ftrso, 2. 59.25 w (8), 
give 
d? ^  cosicos* 4) 
di | cosvcosr ° "^ "f° ( 


In these equations i and ?' are the angles which the ray 
makes with the first and second surfaces respectively on en- 
tering and leaving the prism; r and r’ the two corresponding 
angles of refraction, and a the angle of the prism. The right- 
hand side of equation (4) will, as a little reflection will show, 
F This shows 
that the greater the first angle of incidence the more nearly 
parallel are the rays. The following system of consecutive 
approximation will therefore give the desired result. 

Suppose the collimator is out of adjustment: move the 
telescope slightly out of position of minimum deviation; then 
two positions of the prism exist which will bring the desired 
ray into the middle of the field. Call the position in which 
the first angle of incidence is greatest A, the other B. 

1. Put the prism into the position A, and focus the telescope 
until the line in question, either dark or bright, is distinctly 
seen. 

2. Move the prism into position B, and focus the collimator 
until the same line is distinctly seen. 

3. Repeat the operation, always focusing the telescope 
when the prism is in position A, and the collimator when the 
prism is in position B. After three or four trials no change 
of focus is required; both collimator and telescope will then 
be adjusted for parallel rays. I find that it is by no means 
necessary to work much out of the position of minimum de- 
viation in order to gain a delicate adjustment. If the adjust- 
ment is made in the centre of the field, then I usually put the 
telescope into such a position that the line, when the prism is 
placed at maximum deviation, should just be out of the field 


steadily decrease when 1 is increased from 0 to 
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of view; this gives quite a sufficient change of focus if the 
rays are not parallel on entering the prism. 

The following measurements, which were purposely made 
without special care, will show the accuracy of which the me- 
thod is capable. The sliding tube of the collimator was divided 
into millimetres. Two different adjustments for the sodium- 
line, made in the way described above, gave the readings 5:0 
and 4:0. The prisin was now turned round so as to deflect 
the ray to the other side. Two adjustments now gave 4:1 and 
5:0. The mean of the four readings is 4:5. The adjustment 
was then made according to the well-known method of first 
focusing the telescope on a distant object and focusing the col- 
limator to the telescope afterwards: the reading was 4:2. As 
the focal length of the collimator was 300 millimetres, the two 
results differ only by a thousandth part of the focal length. 
Whether this difference is due to errors of observation, or 
whether it is produced by a difference in the focus of the yel- 
low rays and the mean visible rays, I cannot say; but J believe, 
with a little precaution, the method can be adapted to the 
study of the achromatism of a lens. 

I have assumed that the faces of the prism are perfectly 
plane. Practically it is difficult to get a prism in which this 
condition is accurately fulfilled ; and it may be questioned 
whether the curvature of the prism may not seriously interfere 
with the accuracy of the method. To this I reply :— 

1. That a prism which is known to be good may always be 
set aside to do this work. 

2. That the reason of having the rays strictly parallel on 
entering the prism is based on the supposition that the faces 
of the prism are plane. It is by no means evident that parallel 
rays will give the best definition when the faces of the prism 
are curved. 

3. That the change in the adjustment of the collimator in- 
troduced by the curvature of the prism is very small. One 
prism, which I know to be exceptionally bad, gave a differ- 
ence of a half per cent. in the focal length of the collimator. 
It is not the change of focus introduced by the curvature of 
the prism which makes the method inaccurate when the prism 
is bad, but the difference in the change of focus in the two 
positions of the prism. This is one of the reasons why it is 
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better to take the two positions of the prism not too far away 
from minimum deviation. The small displacement of the 
prism will only introduce a small variation in the focal length 
due to the curvature of the faces. 


III. A Condenser of Variable Capacity, and a Total-Heflexion 
Experiment. By C. V. Boys, A.R.S.M., Lecturer for the 
Term on Natural Science at Uppingham School. 


WIsHING to show my pupils the effect of condensation on the 
spark, I thought a condenser the capacity of which could 
be reduced gradually to nothing would be most suitable. So 
I made this simple contrivance, which answered its purpose 
well :— 

A glass tube is sealed at one end and is covered with tinfoil 
for one third of its length; this forms the outer coating. The 
inner coating consists of a test-tube with the rim cut off, also 
covered with tinfoil ; this is fixed to a wire, and can be drawn 
in and out. When it is fully in, the condenser has its maxi- 
mum capacity ; when drawn out as far as possible, the two 
coatings are too far apart to have any sensible action, and the 
capacity is zero. 

On hanging this on the conductor of a Holtz machine the 
effect on the spark is well shown. Let the wire be first pushed 
in as far as possible, the condenser then acts to its full extent ; 
but on gradually drawing it out the sparks are less and less 
bright, but follow one another more and more rapidly, till at 
last, when it is fully out, they have passed gradually to the 
almost continuous pale spark so characteristic of a Holtz ma- 
chine. To show the effect best, the poles should not be more 
than about half an inch apart. Of course much ozone is 
formed inside the tube. 


The total-reflexion experiment was an accident. A small 
condenser made of a test-tube gave way under the strain, a 
minute hole being pierced in the bottom, through which sparks 
passed almost continually. No light could be seen anywhere 
except on the rim of the tube, which formed a brilliant circle 
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of light. The light from the spark was totally internally 
reflected in the substance of the tube till it reached the rim, 
which it struck normally, The bright circle of light (the tube 
itself being dark) was very striking ; and the experiment is a 
far truer illustration of total internal reflexion than the more 
beautiful one with a stream of water. The tube is, unfortu- 
nately, broken; and I have not succeeded in piercing another 
with the spark. A crack made with a hot wire does not doso well. 


IV. On the Music of Colour and Visible Motion. 
By Professors JoHN Perry and W. E. Ayrron*. 


[Plates V. & VI.) 


AT ihe present time, when musical instruments of one form 
or another are employed nearly throughout the whole world, 
when even the emotions evoked by the sounds of the hu- 
man voice have given life to the efforts of a whole nation 
in the * Marseillaise, we are apt to forget that our feelings 
may be excited through other media than sound. But, just as 
now all kinds of musical instruments are used in rendering 
the works of great composers, so we may expect that all known 
methods of exciting emotion will be combined in the grand 
emotional compositions of the future, 

Although our feelings may be worked on through the me- 
dium of any of our senses, one only of these has been hitherto 
cultivated in the highest degree. And the reason of this is, 
that there exists an infinite number of easy ways of producing 
sound; so that combinations of sound have been used as the 
vehicle for exciting emotion in us, and in our forefathers, for 
the last four hundred years; and, as a result, the ear has been 
slowly trained to act as the conveyer of the varied impres- 
sions it is the province of the artist to create, whereas the 
means in our power of acting through the eyes are even up to 
the present day clumsy and inadequate. 

Of the optical methods hitherto employed to work on the 
emotions, the oldest is certainly sculpture; but this can never 


* Abstract of a paper read November 23rd, 1878. 
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create an emotion unconnected with thought; and the feelings 
produced by it vary much in different people, and even in the 
same person at different times, The musical composer, on 
the other hand, is able to produce a definite succession of 
emotions which he can vary at will, and which are not utterly 
different in different people. A piece of sculpture is but sug- 
gestive—it merely introduces some simple emotion which acts 
in a controlling way upon the human mind; s0 also a fine 
picture induces a dreamy state and sets one a thinking. 

Other emotions, again, are excited in particular people by 
certain associations connected with a taste, smell, &c.; but 
these may be likened to the energy stored up in gunpowder 
or nitroglycerine, to be set free by the smallest accident, 
whereas the efforts of real emotional art may be likened to 
those of which the effects may be calculated according to 
known laws. 

For the eye to act as an agent for the emotions, it must 
receive much cultivation. Even with the experience of sound 
the ear has gained during the last four hundred years, how 
very few people are there sufficiently educated to have their 
feelings excited through music in answer to the emotions of 
a composer ? and how pleasing to all is the repetition of a strain 
in a melody or the movement in a dance, perhaps from the 
instantaneous education the ear or the eye receives which en- 
ables it to better understand the movement when repeated. 
Consequently, if we consider the cumbrous and expensive 
nature of the apparatus necessary for producing regular 
changes of colour, or of motion, or of the size of the moving 
bodies, we may expect that it will probably take a long time 
before the world is able to employ our more complicated 
agencies. 

It may appear at first sight that in placing motion on a 
footing of equality with what we consider its sister graces— 
sculpture, painting, and music,—we offered an indignity to 
these latter; and it may appear inconceivable to many how any 
amount of study of moving bodies can ever create an art as 
powerful and as enchanting as music. But it must be borne 
in mind that our present form of the fine arts probably only 
owes its existence to the accident that western nations have 

c 2 
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more assiduously educated the emotional side of their minds 
in certain particular directions *. 

And in our own country we havea close connexion between 
the varied emotions created by colour or movement and those 
excited by sound. It is well known that when certain per- 
sons hear an Oratorio, an Opera, or even a well-played violin 
solo, they sce, without any voluntary effort on their part, 
-beautiful changing mosaics, the patterns of which have defi- 
nite connexions with the musical chords, and that such people 
always sce a flash of light when they hear a sudden shriek of 
a railway-whistle. 

The emotions excited by large bodies having a great velo- 
city do not scem to be producible by any thing else in nature. 
These are felt when we stand ona bridge over a railway when 
a train approaches and passes underneath at great speed, or 
when we stand at the side of a railway when the train passes, 
even if we hear no sound, or if: there is no appreciable trem- 
bling of the earth. In our first experience of such visible 
motion, terror, due perhaps to its utter strangeness, predomi- 
nates, Similarly, the emotions produced by the play of 
colours in a fine sunsct, by the rolling of the waves on the sea- 
shore, by the rhythmic motion of a largeengine or of a long 
pendulum, by the tracing out of the combined harmonic curves, 
which have now become well known to all who have heard 
lectures on vibrating bodies, seem to be quite different from 
one another, and from the emotions produced by sound. 

We have therefore tried to make a machine which to the 
emotions produced by a combination of colour, a mass in 
motion, and by motion in curved paths, would bear the same 
relationship as a musical instrument to music. We have not 
ventured to give our machine a name, since the name of the 
instrument should be that of the art; and although we have 
a name for exciting emotion by sound (music), welack names 
both for the art of exciting emotion by colour, and by moving 


bodies. 


* Here followed a number of examples taken from the Japanese stage and 
musical performances, proving that great conventionality existed among 
different nations in the expression of the emotions, and lending weight 
to the doctrine that music, unlike painting, received no suggestion from 
nature, and was therefore a creation of each individual people. 
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Many instruments have already been devised for combining 
together two harmonic motions; but as the conception of using 
such machines as emotion-exciters has never been present in 
the designers’ minds, the performances of these instruments, 
although very beautiful, are necessarily of a comparatively ele- 
mentary nature. The most important of these machines, all of 
which, with the exception of one or two Prof. Guthrie has been 
so very kind as to have arranged in working order before us, 
are Blackburn’s pendulum, Wheatstone’s kaleidophone, Lis- 
sajous' tuning-forks, Yeates’s vibrating prisms, Donkin’s har- 
monograph, Tisley’s and Spiller’s harmonograph, and Hopkins’s 
electric diapason. In some of these, as in Blackburn’s pen- 
dulum, only one particular pair of harmonic vibrations can be 
combined, and any change in the period of either means a stop- 
page of the instrument, corresponding in music with a delay 
in the tune at the end of every chord ; in others we can change 
the period of one or other of the component harmonic vibra- 
tions, but have no certain means of controlling the amplitude, 
which in music would be equivalent to an inability to render 
at will a note forte or piano; or, rather, as it is not only tho 
strength of the entire note, but even the amplitude of the 
various component harmonics that these instruments cannot 
regulate, it would be as if in music there was the probability 
of a note marked in the score as piano for the flute being ren- 
dered by a loud blast on the trumpet. In only one of these 
harmonic-motion compounders with which we are acquainted, 
viz. in the most perfect of the existing ones, Tisley's harmo- 
nograph, can an elliptic and a linear motion be combined; 
but even in this case a change from this motion to any other 
can only be made by first stopping the machine; and in none 
of the machines can a sudden change be produced in phase. 
Now it is obvious that we require a motion-producer of far 
greater range than any of these, if we are to play on the 
emotions, since all the qualities—elation and depression, velo- 
city, intensity, variety, and form (which it is considered are 
possessed by a complex emotion)—must be visibly rendered. 

The result produced by our instrument is this:—A round 
shadow is thrown upon the plain white wall of the room in 
which the audience are seated. The shadow appears to be a 
large black ball, of which the size during the performance may 
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be made to vary. It has motions over the wall which are pure 
harmonic or combinations of harmonic motion, produced by 
our being able to give to the shadow two independent motions 
—one in a vertical line, the other in a horizontal line, each con- 
sisting of a combination of linear harmonic motions, the ampli- 
tude, period, or phase of any one of which may be varied at will. 
We give a collection in figures (A to U, Plate V.) of some of 
the most simple paths traced out by our moving ball, and which 
differ from the ordinary Lissajous’ figures in that we have 
placed little circles at such distances asunder as are passed 
over in equal times, in order to give an idea of how the velocity 
varies at different parts of any such path. Unfortunately, 
however, for giving a conception of the appearance, it is this 
variation of velocity, the effect of which on the senses no figure 
or description can give any idea, which constitutes one of the 
most striking features of the exhibition. Many of our readers 
will, however, have seen the motions of a very large Black- 
burn’s pendulum, and of a very long simple pendulum; and 
they will therefore have gained such an idea of the motions of 
which we speak as a person, who has heard only the chirp of a 
sparrow, has about Beethoven’s sonatas. 

It must be remembered that while all the possible paths of 
the moving body are beautiful in shape, they are also endless 
in their variety. Not only may they vary without limit in 
their form, but also in their size, and in the velocity with which 
the body moves along them. Thus, perhaps the body is swing- 
ing slowly in a straight line in any direction, like the swaying 
of a huge tree in the wind, or so rapidly that a dark line only 
is visible, when, touching a key, the line is suddenly seen to 
open out, and the body rolls round a small or great circle, or 
a small or great ellipse of any proportions and with any velo- 
city*; or the figure may be like any of the simple figures 
illustrated in the diagrams, or any others of the millions of 
different and more complicated forms producible. Some may 
change all their dimensions gradually in a certain direction, 
while dimensions in the other directions remain unchanged; 


* One of the most beautiful thingsin connexion with the recent monster 
captive balloon in Paris was its rolling round and round in the breeze, 
like à huge inverted conical pendulum, after the stay ropes had been 
liberated, just before its ascent. 
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others may alter all their dimensions in different directions 
simultaneously, but with different velocities. Now, as we gaze 
at the body with all these graceful complex motions, which can 
readily be varied in shape or size of path, or in velocity of 
description, the same sort of awe comes over us as must have 
been felt by the people when they first listened to the strains of 
the earliest musical instrument. 

To be sure it can never be as easy to change from a grave 
circular swing toa quick and complicated motion as it is to put 
down the key of a pianoforte; and it may be long before me- 
chanicians will be able to let us vary the motion with sufficient 
rapidity. But we found that we could, even with our imper- 
fect instrament, change one form of motion to almost any 
other possible one in about a second; and this is sufficiently. 
quick for the present educational state of the art. 

Our instrument itself we unfortunately cannot show, as it 
is the property of the Japanese Government, and is in Japan. 
Some photographs, however, of it and of our assistants who 
took part in its construction and performances are lying on 
the table. The exhibitions have been confined to ourselves 
and our students ; but it was our intention, after we had edu- 
cated ourselves by practising with the machine, to exhibit it 
publicly. Unfortunately, however, from various delays con- 
nected with improvements and alterations necessarily con- 
nected with the designing of such a new machine, it was 
hardly completed before one of the present writers left Japan, 
and the other has now no opportunities to practise with it. 
But it is our intention to construct a new instrument with 
many improvements on the first model, one of the most im- 
portant being the carrying out of the idea we had at the com- 
mencement, of enabling the operator, by touching keys, to 
give any desired brilliant or sombre coloration to the wall 
on which the shadow of the body is moving, or to play on the 
wall a changing mosaic. 

We will now describe the simplest form of our instrument, 
represented in fig. 1 (Plate VI.) about one sixteenth of its 
full size. | 

B C isa roller which is turned by a handle D (not visible in 
the figure), the fly-wheel E being of use in steadying the 
motion. The roller is divided into three portions, B F, F G, 


24 PROFESSORS PERRY AND AYRTON ON THE MUSIC 


GC, by the circular collars at F and G; at H, J, K, the 
centres of these portions, the section of the roller is circular, 
whereas at any other place it is such that, acting like a cam 
or tappet, it gives pure harmonie motion to a slider kept press- 
ing on the roller, and only capable of radial motion. Sucha 
sliding piece, resting any where between K and C, receives one 
complete harmonic motion during one revolution of the roller; 
if it rests anywhere between G and K, it completes two pure 
harmonic motions during a revolution, three between J and 
G, four between F' and J, five between H and F, and six 
between B and H. The amplitude gradually decreases as the 
sliding piece is made to rest on places nearer the circular sec- 
tion, where of course there is no up and down motion of the 
sliding piece. 

Every section, therefore, of the roller has a curved outline, 
of which the construction is easy. Thus suppose we want the 
section which will give a slider five complete harmonic swings 
in one revolution of the roller. Make the angle A O B (fig. 2) 
equal to one fifth of four right angles; describe the circular 
arc A B with O as centre and radius OA equal to R 4r, 
where R is the radius of each of the three circular parts of the 
roller H, J, K, and r the radius of the small friction-wheel on 
the end of the sliding piece; make BD equal to half the 
maximum swing we wish the slider to receive. Then with 
centre B and radius B D describe the semicircle 159, which 
divide into any number of equal parts (eight in the figure), and 
let fall perpendiculars 22, 33, 44, &c. from the points of sub- 
division on to the diameter D B 9, meeting it in the numbered 
points. With O as centre, describe a circular arc through 
each of these numbered points in D B. Divide the angle 
A OB into twice the number of equal parts into which the 
semicircle 159 was divided. Then draw a curve 1 C D through 
the intersections of the first arc and first radius, the second 
arc and second radius, &c. Finally, draw a great many equal 
circles with radius r, the centres being in the curve ; then the 
envelope D E F (fig. 3) is one fifth of the whole curved sec- 
lion we wish the curved roller to possess ; and a template of 
tin may be made to be used in the construction of the roller. 
It will be found advisable to construct four templates for each 
division of the roller, since, although a section of the har- 
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monic surface described by the centre of the little friction- 
wheel formed by a plane passing through the axis of the large 
roller in a straight line, such a section of the actual surface on 
which the little wheel rests will be curved in consequence of 
r, its radius, not being infinitely small. Our large roller was 
made of hard wood ; but it would have been much better if it 
had been made of cast iron or steel, since when of wood it, as 
well as the little friction-wheel of the sliders, must be made 
large to avoid abrasion; but even when these are large it is 
very difficult to avoid abrasion, and consequent slight irregu- 
larities in the motions of the slider, since the springs pressing 
down these sliders must be moderately strong to cause them 
to promptly follow all the alterations in curvature of the dif- 
ferent parts of the roller. 

Fig. 5 shows (reduced to a scale of one sixth) the roller 
as it came from the lathe before being cut to fit the tem- 
plates ; and figs. 6, 7, 8, 9, 10, 11 the sections at AB, CD, 
EF, GH, IJ, KL (fig. 5) one quarter full size. Small 
circles have been drawn representing the little friction- 
wheel, and at such distances apart that in all cases the time 
taken for the wheel to pass from one position to the next is 
constant and equal to the forty-eighth part of the period of the 
revolution of the roller. 

We used six sliders, a, B, y, e, £, 5 (fig. 1), one of which is 
shown enlarged in fig. 4. Each of these sliders could be 
moved longitudinally, parallel to the axis of the roller, along 
two stout iron bars L M, OP (fig. 1), in order to alter the 
amplitude of the swings. Sliders æ and e could be made to 
rest anywhere between B and F, 8 and £ anywhere between 
F and G, and y and 7 anywhere between G and C. Each 
slider carried at its upper end a large pulley made to move 
very easily (fig. 4); and the three pulleys of a, 8, y were 
always in the plane of the fixed pulleys T, U, V attached 
above to the wooden frame. A fine inextensible cord passing 
round the movable pulleys a, 8, y, and the fixed pulleys, S, T, 
U, V, was fixed at one extremity to the pulley V (the pur- 
pose of which was simply to adjust the length of the cord) ; 
and at the other end, where it hung vertically, it was attached 
to the top of the glass plate ab c d, from the bottom of which 
hung a weight in a pail of water to damp the motion of the 
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weight. This system then gave to the glass plate the sum of 
the motions of the sliders a, 8, and y. A similar cord over 
e, &,n and W, X, Y, Z, together with the cord passing over . 
the fixed pulley Q, and to which also hangs a weight in a pail 
of water, gives to the glass plate a horizontal motion equal to 
the sum of the harmonie motions of the sliders e, £,9. It is 
evident, therefore, that to a circular patch stuck on the centre 
of the glass we were able to give motions compounded of the 
above harmonie motions perpendicular to one another, and 
by projection, by means of an electric light or heliostat, to 
cause this motion to appear like that of a large black ball 
rolling about on a white or coloured background. 

Even still greater variety could have been imparted to the 
figures by the metal rods L M, OP (on which the sliders 
moved) having a motion at right angles to the radius of the 
roller. This could easily be arranged if the ends of the metal 
rods moved in circular grooves ; and the result would be that 
not only could we alter the amplitude of any one of the com- 
ponent harmonie vibrations by moving a slider along the 
rod, but we could also alter the phase by giving the rod a cir- 
cular motion. ‘To do this, however, satisfactorily would have 
required either the employment of a much larger roller, so that 
the slowest vibration of a slider occurred four or five times 
during one revolution of the roller, or else a change in the 
arrangement. In the illustration (fig. 1) the glass plate, for 
simplicity is shown merely kept in position by the four cords ; 
but in reality it moved in a horizontal frame which again slid 
in a vertical one, so that any lateral motion at right angles to 
the plane of the glass was impossible. 

The reason why there is necessarily a considerable dis- 
tance between the sets of fixed and moved pulleys is in order 
that a longitudinal motion of the slider shall not alter the mean | 
horizontal or vertical position of the spot on the glass. At 
first we had the cords much longer than shown in the figure ; 
but then, even after great care had been taken in endeavouring 
to obtain inextensible cords, some stretching was found to take 
place in practice; consequently we were compelled to deter- 
mine experimentally what was the greatest length of cord that 
could be used without the stretching interfering with the ac- 
curacy of the motion ; and this length was the one employed 
in the actual apparatus. 
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The ingenious way in which a number of pulleys are made 
to give the sum of their motions to the extremity of a cord 
was suggested to us by the arrangement employed in Sir W. 
Thomson’s tide-calculating machine; but it is possible that in 
our new machine we shall adopt a totally different plan, and one 
which we think is new. If the two extremities of a long rigid 
rod have parallel motions perpendicular to the rod, the middle 
of the rod has a motion equal to half the sum of the extremi- 
ties. Thus the parallel motions of two, four, or 2" points may 
be compounded. Similarly for the three points, one third of 
the sum of parallel motions is obtained from the centre of a 
rigid triangular piece of which the points are the corners; so 
that by bars and frames of simple construction it is easy to 
get the sum of the parallel motions of any number of pieces. 

We think the roller-plane has much to recommend it; but 
a series of little cranks may be better. Let a number of par- 
allel shafts, having their bearings near their ends on two sides 
of a trough-shaped metal frame, receive from a system of 
spur-wheels near their centres relative velocities 1, 2, 3, 
&c. Let À (fig. 13) be either end of any shaft, B being the 
corresponding bearing ; and let there be attached to it, and 
therefore revolving with it, a sort of double wheel of metal of 
the form shown. II is the pulley round which the cord passes, 
if it is by means of a cord that we sum the harmonic motions ; 
or the pulley may be absent; and the axle of the pulley is then 
simply a crank-pin. Then the rate of revolution of the shaft 
A determines the period, the distance of the axle F G from tho 
shaft the amplitude, and the position of F G relative to a fixed 
diameter K L the epoch of the component harmonic motion. 
By shifting, then, the axle F G we may alter the epoch for 


any multiple of i for the greater amplitudes, and of 3 for the 


smaller. As there is, however, only a limited change of epoch, 
we think, on the whole, that our improved roller method is to 
be preferred. 

We have used combinations of pure harmonic motions for 
obvious reasons ; but it is possible that, instead of each section 
of the roller giving a pure harmonic motion, it may be found 
more suitable to have it giving some other kind of periodic 
motion ; and such an instrument will differ from the preceding 
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in pretty much the same way that one musical instrument 
differs from another. As various means have already been 
devised, by revolving sheets of parti-coloured glass, for pro- 
ducing the effects of the chromotropes of the magic lantern, 
which physiologists have informed us produce such marked 
and instantaneous effects on the nervous constitution, and phy- 
sical organs, of children, we have not yet specially turned 
our attention to the mechanical details of the colour portion 
of our machine. 

In what has preceded we have spoken only of projecting the 
motion of a single ball on a wall; but there is no reason why 
the motions of several balls should not be gazed at simulta- 
neously, nor why the people of a large city should not have 
an exhibition of the colour and motion art upon a canopy of 
clouds on a dark night. 


For assistance rendered us during the construction of this 
apparatus, and for the general intelligent interpretation of our 
wishes, we have to thank our late assistant, Mr. Kawaguchi, 
one of the brightest of the students of the Imperial College 
of Engineering, and one whose constant earnestness of pur- 
pose, while it rendered his life the more valuable to the scien- 
tific development of Japan, now makes his recent death the 
more to be deplored. 


V. On the Determinationof the Variation of the Thermal Conduc- 
tivity of Metals with Temperature, by means of the permanent 
Curve of Temperature along a uniform thin Rod heated at 
one end. By OLIVER J. Lopare, D.Sc., Lecturer on Applied 
Mathematics and Mechanics at Uuiversity College, London*. 

[Plate VIL] 

1. THE approximate theory of the flow of heat down a 

uniform rod heated at one end and exposed to cooling influ- 

ences everywhere else was, I believe, given by Biot before 


the time of Fourier, and was also verified experimentally by 
him. The “constants” occurring in Biot’s equation to the 


* An abstract was read on the 8th of February, 1879. 
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curve of temperature have long been known to be variable ; 
and numerous experiments have been made to determine em- 
pirically in what manner they depend upon the temperature. 
Nevertheless Biot’s method in its original form has been fre- 
quently employed by subsequent observers in order to compare 
the conductivities of different metals—by Ingenhousz for in- 
stance, by Despretz, and even in the far more accurate expe- 
riments of Professors Wiedemann and Franz. Principal 
Forbes, on the other hand, devised and executed a method 
which was quite independent of any equations to curves ex- 
cept those deduced from experiment ; and by graphical and 
other laborious methods he determined both the absolute con- 
ductivity of wrought iron and its variation with temperature. 
But, as far as I know, no recalculation of the curve of tempe- 
rature with the improved data now accessible has been made. 
It therefore seemed worth while to obtain as close an approxi- 
mation to the equation of the true curve of temperature as is 
practicable without cumbrous integration, and to see how far 
the improvement affects the results of those experimenters 
who, unlike Forbes, depended on the theoretical curve of tem- 
perature. Moreover it seemed probable that the more accu- 
rate equation to the curve would enable the variation in con- 
ductivity of the rod with temperature to be calculated in some 
moderately simple manner, and with far less labour than that 
gone through by Forbes. Forbes’s methods are perfect; the 
only objection to them is the excessive tediousness of the pro- 
cess of discussing the experimental results. And as it is a most 
important research at the present time to compare exactly the 
law of variation of thermal and electrical conductivity in the 
same piece of material, it seemed desirable to have some means 
of calculating the law of thermal variation from some simple 
experimental data ; and the long-thin-rod form of experiment 
is evidently suitable for observing the variation of electric con- 
ductivity with temperature. 

The following paper is unfortunately rather long; but the 
length is due to the necessity of fully discussing experimental 
results, and I have skipped nearly all the mathematical steps, 
as they are elementary and of no interest. 

2. Consider a thin uniform infinitely long rod, of perimeter 
p and cross section g, made of a material whose specific con- 
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ductivity is k, density p, and specific heat c. Let this rod be 
surrounded by an enclosure at the absolute temperature to, 
and let one point of the rod (which we will call the origin) be 
kept by some means at a constant temperature @ above that 
of the enclosure ; then heat will flow from this point along the 
rod and will be dissipated at its surface, and the temperature 
of every point of the rod will rise at a rate proportional to the 
excess of the quantity of heat which it gains per second by 
conduction, over that which is dissipated by radiation and con- 
vection. After a long time, however, this excess of heat 
vanishes, and the temperature of any point of the rod ceases to 
rise, having attained a constant temperature 0 above that of 
the enclosure—its absolute temperature, t, being therefore 
0+v, (Iwilladhere to the letter v for temperatures reckoned 
in Centigrade degrees from absolute zero, and to @ for tempera- 
tures reckoned from the temperature of the enclosure as zero. 
We shall have to use occasionally the Centigrade zero—the 
temperature of melting ice ; and temperatures reckoned from 
jt may be denoted by t.) 

The heat which flows in unit time past any cross section of 
the rod at a distance æ from the origin will be 


and the gain of heat per second by an element of volume gda 
in this position will be the differential of this quantity, or 
dé 
kg d dz , 
If every unit area of the surface of the rod at this point is 
losing by radiation and convection the quantity H per second, 
the rate of loss of heat by the surface of the element is 


Hpdz, 


the product pdx being the area of its surface. As long as the 
temperature of the element is rising, the rate of rise of tempe- 
rature will be the difference of the last two expressions divided 
by the thermal capacity of the element—that is, divided by 
cpgdx; but when the permanent state is reached, the heat 
gained and the heat lost become equal, and their equality is 
the fundamental differential equation for the permanent state 
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of a rod, viz. 

dé 

kqd Pm Hpdz, 

or 

dO Hp 

dx — kg . e e. e . e e (1) 
The four quantities which enter into the right-hand side of this 
equation are all variables, and may be expressed as functions 
of 8. It has, however, been always assumed, in the approxi- 
mate theory hitherto used, that H is the only variable, and 


that it is simply proportional to the excess of temperature, and 
can be written 
H-26, 


where À is a constant. (This is called Newton'slaw.) What 
we now want to do, however, is to take into account the vari- 
ability of all these constants as far as present experimental 
results will enable us to do so, and then to integrate the above 
equation to as great a degree of accuracy as is easily possible. 

3. Now, if an isolated body of volume V, surface S, density 
D, and specific heat C loses from each unit of surface a quan- 


tity of heat H per second, then its rate of fall of temperature 
is 


dv T SH | 
dv ^. VDC? 
writing v orÓ for the essentially positive quantity — m, Hence 
an element of the rod (§ 2), if isolated from its neighbours by 
two flat impervious films, will cool at the rate 

ü— Hpde 

cp dx 

whence its rate of loss of heat per unit of surface is 


H298 ....... (92 
[ (2) 


Substituting this value of H in equation (1), it becomes 

d'ÓÜ cp; 

di = T 6, e oe œ . e oè oœ . (3) 
‘which is precisely the form of the equation to the variable 
flow of heat through a slab*, though @ has there a very diffe- 


* See Everett, Trans. Roy. Soc. Edinb. vol. xxii. 
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rent meaning. The product cp is the capacity for heat of unit 
volume of the rod (p being the mass of unit volume); hence 


E is the conductivity in terms of a unit of heat which can 


raise unit volume of the rod one degree. This Professor Max- 
well calls the thermometric conductivity", as distinguished 
from the calorimetric conductivity k. 

4. In equation (3), 6 is a function of 0 ; and if the element 
were not supplied with heat, it would cool at the rate 6, and 
both 6 and Ó would be functions of the time. But when heat 
is supplied to the element at a compensating rate by its neigh- 
bours, Ó is constant, and therefore also Ó is constant as regards 
time; yetstill the rod will emit heat at the same rate Has before, 
and Ó will be the same function of 6 as if it were actually 
cooling : hence 6 was called by Forbes the statical rate of 
cooling. 

The relation between Ó and 6 for a cooling body, or the 
curve which expresses 6 as a function of 0, has been investi- 
gated experimentally by Dulong and Petit, and found to be of 
an exponential form. Newton’s law made it a straight line. 
Forbes called it the secondary curve of cooling, and found a 
point of inflection on it for a long body cooling in air. For 
a rod ina permanent state, Ô is a function of x; and the curve 
0, x is the statical curve of temperature down the rod, and is the 
one we want to investigate. The curve , æ is what Forbes called 
the statical curve of cooling. Finally, the curve expressing 0 
as a function of time is the ordinary curve of cooling of a 
body. The general nature of these last three curves is the 
same, and depends on that of the first curve 0, 0. The first 
rough approximation to them is that they are all logarithmic, 
this being a consequence of the hypothesis that the first curve 
is a straight line. I suppose that the fact that Ó is only appa- 
rently a function of the time renders abortive the analogy be- 
tween equation (3) and the equation to the variable flow of 
heat in a slab. 


On the Variation of 5 with Temperature as at present known. 
5. Professor Tait has given theoretical reasons for assuming 


* See Maxwell's ‘Theory of Heat,’ p. 235. 
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the conductivity (i. e. the thermometrie conductivity) of every 
substance to be inversely proportional to the absolute tempe- 
rature*; but I do not know whether he lays much stress upon 
the correctness of the theory. At any rate it does not seem 
to agree very well with the results of experiment, except in 
the case of iron. The experiments of Principal Forbesf estab- 
lished the fact that the thermometric conductivity of wrought 
iron is ncarly inversely proportional to the absolute tempera- 
ture; but the agreement is not quite perfect, as the following 


Table shows. 


| Conduetivity | | 


at the temp. | Product of | 
Centigrade | ¢, as found | conductivity Rd ELS Prod 
15 by Forbes, | and Re UM, ees 


tempera- constant, 


«duced to , temperature k 
ture s ez d l , g | (80844 —. 
i C.G.S. units, k 4( Py c 
i cp | 
Lo RINT ERE 
i 9331 | 6387 03:24 72-36 
50 :1995 64-65 89-78 71:82 
100 “174 65-98 RS-20) 72°32 
150 | :1629 l 69-08 89-60 74-93 
200 | 1528 72-41 | 91:68 
20 | ‘1440 ` 7543 | 9360 


The third column contains the numbers which ought to be 
constant if the theory wereaccurate. The fourth column con- 
tains numbers calculated on the hypothesis that the conducti- 
vity varies inversely as the absolute temperature increased by 
some constant, say by 126. These numbers agree with one 
another rather better than those in the preceding column; 
but still there is a regular divergence perceptible between the 
hypothesis and the experimental results, especially at high 
temperatures. 

The results at the higher temperatures, however, do not 
seem to have been regarded by Principal Forbes as equally” 
dependable; for he gives an empirical formula for the con- 
ductivity at any Centigrade temperature ¢ which does not 
agree very closely with the experimental results at high tem- 
peratures, saying, “I have assumed that the most trustworthy 

* See ‘Recent Advances,’ p. 271. 
t Trans. Roy. Soc. Edinb. vols. xxiii. & xxiv. 
VOL Ill. | D 
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part of the observational curves are those between the actual 
temperatures of 40° and 160°, and that within moderate limits 
the conductivity may be represented in terms of the tempera- 
ture by such a formula as ” 
F LA+Bt+Ce, 
cp 

where the constants for the best of his two bars, when reduced 
to the C.G.S. system, are 


A='2331, B= —-°00755, C=-00000189. 
6. Forbes’s formula may therefore be written 
(=) —-2331(1— 00324 t + 0000081 ê); 
Fe 
and this may be very accurately expressed by a form more 
suitable for our present purpose, E For this last may be 
regarded as the sum of an infinite geometrical progression with 
ratio — A and may be written, without approximation, 
A A Lou e 
b+t SN Bt pont (Fete) 
stopping at any term one likes, and multiplying it by S 
instead of writing the remaining terms. 
Now it T be the highest temperature to which the formula 
is required to apply, the average temperature 4 T may be in- 
troduced into the denominator of the last term instead of the 


variable ¢, without making much difference ; and the above 
may be written approximately, stopping at the third term, 


POTTERY 
btt b b b(b-cAT)/ - 
This expression agrees very well with Forbes's formula for a 
range of 200? ; for taking 52308, 4 T— 100, and A ='2331, 
it becomes 
A 
Hence I shall assume that the results of Forbes may be 


* The symbol ^ is used merely to signify approximate equality. 
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summed up in the equation 


(5) pA = 208 fe di 
cp] re 308 +t 308+t epo ``? 

The numbers in the last column of the preceding Table give 
the values of the “ constant" A, for the temperatures consi- 
dered most trustworthy by Forbes. 

7. The variations of conductivity with temperature have 
also been investigated, by a method depending on fluctuating 
temperature, for copper and iron by Ångström” ; and his 
result for iron, reduced to the C.G.S. scale, can be expressed 
in the following way, 


k 
(=) —2143(1— 0028740, 


/ 
which may be considered as equivalent to e. for a small 
348 t 
range of temperature. 
The results of Angstrém for copper are summed up in the 
following formula, 


k 
(5): 163(1—-:0015191), 


which may be expressed as C848 when ¢ is small. 


8. The law of variation of the ordinary or calorimetric con- 
ductivity k can, of course, be deduced from the above by mul- 
tiplying them by the value of the product cp, with each of its 
factors expressed as a function of the temperature—the one 
factor from the experiments of Bède on specific heat, the other 
from the expansion experiments of Fizeau. This Professor 
W. Dumasf has done. Using a mean coefficient of expansion 
between 0° and 100° C., he writes for the density of iron, 


p=7°7799(1—-00003684 t) ; 
and for its specific heat, 
c=°1053(1 + 0018481). 


Multiplying Ángstróm's value of 5 for iron by the product of 


* Phil. Mag. vol. xxv. 1863. 


t Pogg. Ann. cxxix. See also Wüllner, Erp. Physik, vol. iii. pp. 286 
& 287. 
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these two quantities, we obtain 
kz::1862(1 —:00156 t). 


And multiplying Forbes's numbers for - (nominally for k), 


as reduced to the C.G.S. system by Dr. Everett, on page 44 
of his book on Units (first edition), by the variation factor 
(1 +:001311ż), we obtain the real values of k at the different 
Centigrade temperatures ¢ according to Forbes’s experiments, 


t k. 

OL cesdesetvesiwbesetees 207 
DD aeoieo ec cl1975 
DU. ssteusoacsdvesebeoont 189 
t 182 

100. | irsseese eed ezes ese 6s 177 
ZOO! Mr 171 


numbers which can be expressed with considerable accuracy 
by the formula 
k=:207(1—:00144¢). 

9. The result of all this appears, then, to be that, as far as 
experiment has hitherto gone, the conductivity (both calori- 
metric and thermometric) of the metals copper and iron may 
be expressed with moderate correctnoss as a linear function of 


the Centigrade temperature, with a negative value for , or 


LIT À — Bt, 

cp 
and that it may be expressed with a trifle more accuracy by 
an inverse function of the temperature, 

k A 

TR Tm 
because this may be written very approximately, when b is 
much bigger than !, 

5 (1-5 +p): 


I will therefore assume that the yariation of conductivity in 
any metal for moderate ranges of temperature is expressed by 
the equation 
_ Acp 
EET 


(4) 
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and that, since the variations of density and specific heat are 
known, the law of variation of conductivity in different metals 
is sufficiently discovered as soon as we have found the value 
of the constant b for each metal. Our object then is to find a 
mode of calculating 6. 


On the Variation of Ó with Temperature. 

10. We have now to consider in what way the other factor 
of the right-hand side of equation (3), namely Å, may be ex- 
pressed as a function of the temperature. 

The magnificent researches of Dulong and Petit on this 
point have established the following expression for the velocity 
of cooling of a body whose absolute temperature is v, in an 
enclosure of absolute temperature v, containing gas at the 
pressure s, 

0 = P(a*— q^) + Qat(v— v)", 
which may also be written in terms of the excess of tempera- 
ture 0 —v—v,, thus, 


Ó—Pa"(a9$—1)4-Qss0r9 , . . (5) 


The first term is the rate of cooling by radiation; the second 
term is the rate of cooling by convection. In other words, Q=0 
in a vacuum ; and P is small if the surface of the body is sil- 
vered, but great ifit be lampblacked. The constant g depends 
on the nature of the gas ; for air itis °45; but a is said to be 
a universal constant, and equal to 1:0077. Although this is an 
empirical formula, it is perhaps tho most perfect example of 
such a formula that we have, and it expresses Dulong's results 
thoroughly well. The necessity of such an elaborate expres- 
sion has been called in question by Narr ; but his experiments, 
so far as they go, seem rather to confirm than to upset this ex- 
pression ; and it has been in the main verified by Provostayo 
and Desains. 

11. Some caution, however, seems advisable with respect to 
the second term, which expresses the loss by convection as a 
constant power of the excess of temperature; because it was 
found by Principal Forbes that when the excess of tempera- 
ture was very small, the loss by convection was almost inap- 
preciable; and he suggested the viscosity of tho air to account 
for this—some finite excess of temperature being required to 
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set convectioh-currents going. The point of inflection, more - 
over, which Forbes found on the curve 6, 6 at a high tempe- 
rature (see § 4) is wholly unaccounted for by Dulong’s expres- 
sion ; but it is probable that here the experiments of Dulong 
are the most accurate, and that the contrary flexure of Forbes’s 
curve was due to waves of heat in the elongated mass whose 
cooling he investigated*. Experiments on the rate of cooling 
of bodies at the ordinary pressure of the atmosphere have been 
made by Mr. Macfarlane and by Mr. Nichol ; but their excesses 
of temperature only went as high as 60° (see Everett, ‘On 
C.G.S. Units,’ p. 50). Ibelieve ProfessorsAyrton and Perry 
have some results not yet published. 

On another ground also caution seems to be rendered ne- 
cessary by the kinetic theory of gases, as illustrated in the 
experimental investigations of Mr. Crookes; for if the en- 
closure containing the cooling body be gradually exhausted 
of air, so that œ progressively diminishes, a discontinuity, 
in the direction of a sudden increase in the rate of cooling, 
would probably arise at the instant when the average free 
path of the molecules was long enough to reach from the 
surface of the cooling body to that of the enclosure. And it 
is probable that for exhaustions higher than this the law of 
cooling is different, and in all probability simpler than it was 
when the heat had to be conveyed between the surfaces by 
the unsystematic and irregular agency of convection-currents, 
a process of true gaseous conduction then setting in. This is 
a point which should be attended to in subsequent investiga- 
tions ; and it would be an important though somewhat difficult 
research to discover experimentally the law of cooling and its 
alteration with pressure when the distance between the cooling 
body and enclosure is less than the free path of the molecules: 
probably it could be more readily deduced from theory. It is 
not likely, however, that any of the investigators on the law of 
cooling hitherto have attained an exhaustion any thing like so 
perfect as this. 

12. These objections, however, only apply to the convection 
part of the formula (5); and I will assume that the radiation part 

6=Pa%(a®9—1) . . . . . . (5/) 

* Or see Professor Tait’s explanation given to the Royal Society of 

Edinburgh on the 20th of last January (* Nature,’ No. 486, p. 379). 
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is practically true as it stands. Since this, however, is not a 
very simple function for a second differential coefficient like 
(3), it will be well to see with what amount of accuracy we 
may expand it into a series and neglect higher terms. The 
expansion is 


d= Paro( 6 log a+ i (0 log a)? + : (Plog a)? + = (Gloga)’ +.. .) (6) 
which may be conveniently written 
; 2 1 1 
— vo 2, 2——— E — 2 eee 
0 4Po*(log a) de : +6+ 3 Plogat+ 1? 0 (log a)? + ) 
or, putting in the numerical value of a, viz. 1:0077 (that is, 
putting log, a='0076), 
0— C0(266-6 + 6+ 0025 & + 000005 F +...), 

e e e* 

é= C0( 267 +0+ 100 * 300,000 * 18x i9 *" .). 
Remember that 0 is to be ultimately the excess of the tempo- 
rature of any point of the rod over that of the enclosure. It 
may be any thing between 0° and 150°; but it is not likely in 


ordinary experiments to go above 200°. The terms of the 
above series for the extreme case 0 — 200 are 


267 4- 200 -- 100 4-40 4- 1, 


where only the last term, containing the fourth power of the 
temperature, can be regarded as quite negligible. But for the 
more likely case of 0—100, the terms = the series are 


or 


267 +100+25+5+ = ip 


where the term containing the cube of @ is not of much con- 
sequence. If, however, it were wished not to go higher than 
the second power, the term containing the cube need not be 
neglected, but a mean value of it may be added to the coeffi- 
cient of the second power of 0. Thus if € be the highest 
temperature taken notice of (i. e. the temperature of the origin 
in the case of the rod, the initial temperature in the case of 


a cooling body), 


ó- Co {267+0+@ (77g + 300 20699) f 
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and this is the expression we shall use, writing it first in the 
simpler form, 


ó- c8 (261-0 (1 no - (4%) 


Notice that 0 occurs in this expression as a factor, so that it 
is really a cubic function of 0. 


It is singular how near the constant term iu these brackets is to 
the number 274. I suppose this is accidental; but at first sight it 
looked as if the rate of cooling for small excesses of temperature 
were proportional to the product of absolute temperature and ex- 


. , 6 
cess, or as if the quotient »6 would be constant. On this hypo- 


thesis, however, the constant «, twice the reciprocal of whose loga- 
rithm is the number which happens to be nearly 274, would vary 
with v, the temperature of the enclosure, which is contrary to Du- 
long's results. Indeed there seems no ground for the conjecture. 

Applying the correction for the neglected terms of the series, as 
is done in (7), we may write the expansion (6) thus, writing a in- 
stead of log. a for shortness (a22:0076), 


"T 1 | 1 | 
12 a {1+ $264 gat (1+ | 20) ewe dq) 


13. It remains now to show, from Tables of experimental 
results, to what amount of accuracy 6, multiplied by a quadratic 
function of 0, will represent the observed rate of cooling of a 
body in a vacuum. 

And first I will take the experiments of Narr* (see Wüllner, 
vol. iii. p. 251). The following Table contains the result of 
his experimentsin a vacuum. The first column is the observed 
rate of cooling at the Centigrade temperature shown in the 
second column, the enclosure being at zero Centigrade. The 
third column contains the product of excess of temperature ¢ 
and absolute temperature v, divided by the rate of cooling, to 
show how far this ratio is constant. These numbers are ob- 
served to decrease regularly, though slowly, and in a manner 
which has an obvious relation to the corresponding number in 
the preceding column ; so that if twenty times that number 
be subtracted from each, the result will be very constant, as is 
shown in the last olt: 


* Pogg. Aun. vol. exlii. 
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i , Qr 
3-26 11$ 13720 
311 110 13580 
2-80 100 13360 
2-49 90 13160 
2-18 80 12090 
1-88 70 | — 12810 
1:73 65 | 12740 
Hence 
vt 


oe const —11400. 


We may write this, 
| | 244 t 
20t = 5104€ . t, . . . . ' . . (8°) 


or, approximately, 


: t t 
t 5 11100 (214+ o(1— sn) 


which is of the form of equation (7), namely the excess of 
temperature ¢ multiplied by a quadratic factor. The numc- 
rical value of the constants do not, indeed, agree well with those 
of Dulong, especially in the fact of the sign of the coefficient 
of t? being negative; but this is hardly to be expected, as 
Narr seems to have undertaken his experiments with the object 
of upsetting Dulong's results. Narr’s experiments, moreover, 
do not extend over any thing like the range of temperature 
that Dulong and Petit’s did. 

14. If we apply the same process to the Table expressing 
the results of the latter experimenters in a vacuous enclosure 
at Centigrade zero, we shall find that the number +30 has to 


be used instead of —20; so that : +30¢ is very tolerably 


constant, and equal to 18650 on the average, as is shown in 
the following abridged Table of Dulong's results. Consider- 
ing that the range of temperature extends as high as 240^, the 
agreement is pretty good. 
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6. (274+0)0 | 81 39, 
6 ô 
10-69 240 11530 18730 
7-40 200 12810 18800 
4:89 160 14200 19000 
3-02 120 15650 18050 
1-74 16270 18670 
Hence we may write 
274 --0 


308— 
or, approximately, P 
; 0 
b= igazo 274+ 9 (1 gs). 
which is the form of equation (7). 
It may be hereafter convenient to know that an expression 


like (8’) and (8”) is capable of representing the law of cooling 
in a vacuum with great accuracy, viz. 


A A+0 
0=00. 5p’ e. © © oè œ (8) 


622—0 e 0, e e e. * e e (8) 


but for our present purpose I think the equation (7) will be 
the most convenient. 

15. The agreement of equation (7), as it stands, with Du- 
long and Petit's results it is scarcely necessary to show by a 
Table, since the equation has been deduced by known approxi- 
mation from their own statement which completely expressed 
them, and the value of the terms neglected for an excess of 
temperature so high as 240? is perfectly evident. Nevertheless 
I have made the calculation, and the values of the * constant” 

. 6 048 
(2 61 +O+ 5 ' 400 F 
excesses of temperature 240°, 200°, 160°, 120°, and 80°, are 
15265, 15865, 16489, 17086, and 16827. Hence the discre- 
pancy between equation (7) and experiment is not great even 
for temperatures so high as 240° ; while for a maximum tem- 
perature under 150° or so the discrepancy is practically nil. 


[To be continued. ] 


, or a corresponding to the successive 
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VI. On the Photographics Method of Registering Absorption- 
Spectra, and its Application to Solar Physics. By Capt. 
W. pne W. AsNEY, R.E., F.R.S. 


THERE are certain difficulties in registering the visible ab- 
sorption-spectra as observed, dependent on the eye of the 
observer, and on his power of representing correctly what 
he sees; and it is owing to these deficiencies that curi- 
ous mistakes have been made in endeavouring to draw 
absorption-phenomena. Up to the present time it has been, 
comparatively speaking, useless to attempt such registration 
by means of photography, owing to the fact that merely one 
part of the spectrum was impressionable by the silver salts 
employed as a sensitive medium. Since my discovery that 
silver bromide could be prepared in such a molecular state as 
to be sensitive to the whole spectrum (visible, ultra violet, and 
ultra red*), the difficulty in the employment of photography 
is done away with; and it should be taken into use as much 
as possible, so as to eliminate the errors of eye-observations. 
A natural objection would arise at first sight, viz. that for the 
different parts of the spectrum the sensitiveness of the silver 
compound is materially different, and that consequently the 
absorption at different parts cannot be well compared. The 
objection vanishes, however, at once, if ordinary precautions 
are taken; and as an illustration I will take a case. 

The absorption of a violet (cobalt) glass was required to be 
registered photographically. A spectroscope having two 
prisms of 62° was judged to give sufficient dispersion; and a 
lens was used in the camera of a focal length of about 2 feet. 
This gave a spectrum about 4 inches long, including the 
visible and invisible radiations. The plate having been placed 
in the camera, the top half of the slit was shielded, and sun- 
light was reflected onto the bottom half for two minutes; the 
sunlight was diverted, and the absorbing medium (in this case 
violet glass) was placed in front of the slitt, the lower half 


* Except those radiations of low amplitude and large wave-length 
which are emitted by bodies at ordinary temperatures. 

t When this paper was communicated to the Physical Society, Prof. 
Macleod suggested that the absorption of a liquid might be better demon- 
strated if a wedge-shaped vessel containing it were placed in front ofa 
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covered up, and sunlight again reflected onto the top half of 
the slit for two minutes more. The plate was then developed, 
and a print takeri from the negative. A scale of shade having 
been prepared, the following diagram was drawn from the 
measurements made with it. 

The top continuous curve of fig. I. shows the intensity pro- 


FIG.1 
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duced on the plate by unscreened sunlight. The dotted line 
in the same figure shows the curve obtained when the cobalt 
glass is interposed. 

I would here remark that care is necessary mot to introduco 
an error, as it must be remembered that the shades produced 
photographically have not the same gradations as the inten- 
sity of light, as Bunsen and Roscoe first showed. 

Fig. II. shows the absorption of the violet glass, on the pre- 
sumption that the intensity of the radiations is equal through- 
out the spectrum, an assumption which is very generally 
made. 

I have found that it is convenient in taking these spectra 
to modify this method. The absorption produced by potas- 
sium chromate takes somewhat of a wedge-form, shading off 
from darkness in the violet to total transmission at the least- 
refrangible end of the spectrum. If a dilute solution of this 


longer slit, of which a small image might be produced at the focus of the 
collimating lens. This is quite practicable, as Professor Macleod and my- 
self have found by actual experiment; and if the image of coloured liquid 
be corrected by a similar wedge of colourless liquid of nearly the same 
specific gravity, there is no inconvenience attaching to it. 
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substance be interposed in each caso between the source of 
light and the slit for half the time of exposure, we have an 
impression of the spectrum the varying intensity of which is 
less marked than if such an artifice be not employed. 

I may here remark incidentally that the passage of light 
through an aqueous solution seems to interfere very little 
with the intensity of the photograph at the least-refrangible 
end. I had looked for a marked diminution, but have scarcely 
noticed it. 

In photographing these absorption-spectra the source of 
light should be brilliant: sunlight, the image of the incan- 
descent points of the electric light, or the oxyhydrogen light, 
may all be used ; but I prefer sunlight, as we are enabled by 
the Fraunhofer lines to fix the locale of the absorption-bands 
more readily than with the other two. 

Another application of this method is to the solar spec- 
trum itself. Researches have shown that the bright-line 
spectra of incandescent compound bodies should lie in the 
least-refrangible end of the spectrum, and that to discover 
these a search must be made in these regions. As far as tho 
visible spectrum is concerned such a search has been made; 
but we have yet to examine those regions which are invisible. 
At a low temperature it is quite possible that the compound 
bodies should give off vapours of the compound, whilst at high 
temperatures, such as that of the electric arc, they are pro- 
bably dissociated. If, then, we wish to ascertain the exist- 
ence of such compounds in the photosphere, we are driven to 
compare the solar spectrum with the bright-line spectra of the 
various compounds when heated at such low temperatures as 
those of the ordinary colourless gas- or spirit-flame. To pho- 
tograph portions of such spectra (even the most “actinic” 
region of the spectrum) is a feat of uncommon difficulty; and 
it would require hours, I might say days, of exposure to im- 
press lines in the red-region. Such an attempt would be 
practically useless, as we can accomplish the same end in as 
many minutes by an indirect method as it would require hours. 
by the direct method. 

The following illustration will show how it can be accom- 
plished. The top half of the slit is covered as before, and 
sunlight reflected onto it, and the spectrum is impressed 


46 DR. A. SCHUSTER ON SPECTRA OF LIGHTNING. 


on the photographic plate. The bottom half is next covered 
up, and a flame, in whieh the compound to be examined, is 
placed in front of the slit; the sunlight is then caused to tra- 
verse the flame, and a second spectrum is impressed on the 
plate through the top half of the slit. 

New absorption-lines are thus formed in the solar spectrum, 
or those already existent are intensified, as is already well 
known. As an example, lithium chloride was heated in the 
flame, and the known line of lithium was found reversed be- 
tween B and C, though absent in the spectrum of sunlight, 
and a faint line lying in the spectrum below the red was 
found intensified. By following out this plan we perhaps 
may eventually establish the existence of compounds in the 
solar photosphere. By using the light emanating from the 
white-hot carbon points of the magnetoelectric light to produce 
a continuous spectrum, and by burning the metallic compounds 
as before for one spectrum, and then by using sunlight to give 
the other spectrum, confirmatory evidence would be obtained. 
I may remark that I have photographed bright-line spectra of 
lithium, and got the same line in the ultra red as that obtained 
reversed. This method seems to promise to be a new weapon 
of attack in solar physics, more especially in this ultra-red 
portion. 


VII. On Spectra of Lightning. 
By ARTHUR SCHUSTER, Ph.D., F.RA.S.* 


ALL observers of lightning-spectra agree in having seen the 
line-spectrum of nitrogen ; but most of them have seen, in 
addition to this, sometimes a continuous spectrum, sometimes 
a band spectrum, the chemical origin of which is unknown. 

The following historical summary may give an idea of our 
knowledge on that point. 

Prof. Kundt (Pogg. Ann. cxxxv. p. 315) observed a line 
spectrum consisting of one or two lines in the red, some very 
bright ones in the green, and some less bright ones in the 
blue. He mentions that the lines are not always seen together. 


* Read February 22nd. 
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Lines which in one flash appeared especially bright were not 
seen in another flash. The greater number of flashes, how- 
ever, gave a different spectrum altogether. In the place of 
bright lines a great number of bands were seen; and Prof. 
Kundt even distinguishes two different band spectra. 

Mr. John Herschel (Proc. R. S. xvii. p. 61) observed a 
variable continuous spectrum crossed by bright lines, which 
also had a variable intensity. He gives the measurements of 
two lines, which agree very well with nitrogen-lines. 

M. Laborde (Les Mondes, viii. p. 219) observed some lines, 
especially one near E, which sometimes appeared alone. He 
also saw a continuous spectrum. 

Dr. H.Vogel (Pogg. Ann. cxliii. p. 653) describes lines only; 
but in his list I find two which do not coincide with any bright 
lines in the spectrum of the electric spark taken in atmospheric 
air ; they do, however, coincide with two bands which I have 
observed in some flashes of lightning, as I shall show. 

Mr. J. P. Joule (‘ Nature,’ vol. xvi. p. 161) also observed 
some spectra of lightning. Frequently there was only one 
bright line visible, this being coincident with the brightest 
nitrogen-line. At other times there were several bright lines 
visible, sometimes with and sometimes without the green 
nitrogen-line. A continuous spectrum was also observed. 

Mr. H. R. Procter (* Nature, vol. xvi. pp. 161 & 220) gives 
some measurements of lines which do not lay claim to any 
accuracy. He observed also a band spectrum, which he finds 
not to be the band spectrum of nitrogen. 

From conversation with Prof. À. Young, I learned that he 
also had seen a line spectrum, a band spectrum, and a conti- 
nuous spectrum. 

During my stay in Colorado last summer, I had some good 
opportunities of studying the spectra of lightning. It was 
my intention to get some reliable measurements of the band 
spectrum which I, in common with most observers, have 
seen; and in order to have greater chance of succeeding, I 
confined myself to one part of the spectrum only. The part I 
chose extended from 425000 to 1.5800, and covered, there- 
fore, most of the yellow and green. I used a direci-vision 
spectroscope, with a slit movable by means of a micrometer- 
screw. A bright line in the principal focus of the telescope 
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formed a fiducial mark. Under ordinary circumstances, the 
slit is moved until the line to be measured forms a continua- 
tion of the bright line which reaches down into the centre of 
the field. I found, however, that the bands I wanted to mea- 
sure were nearly as broad as the thin glass bar which carries 
the bright line; and I used the bar therefore simply as pointer. 
The measurements were always made at night; and the spec- 
troscope was left undisturbed until the following morning, 
when the Fraunhofer lines in the neighbourhood were mea- 
sured, so that the wave-lengths of the measurements could be 
interpolated. 

It is of course impossible to put a pointer on a band during 
the instantaneous flash; but a succession of flashes allows us to 
put the pointer successively nearer and nearer until we see it 
in coincidence with the band. In this way several readings 
of each band were obtained. The dispersive power of the 
spectroscopes was such that, with a higher-power eyepiece than 
the one used in this investigation, the nickel-line could be 
seen between the two sodium-lines. The distance between the 
two sodium-lines was such that the two readings of the slit 
differed by ten divisions of the micrometer, or one tenth of a 
whole revolution. With sunlight I can measure easily to the 
tenth part of the distance between the sodium-lines. I ob- 
tained measurements on three different nights. Unfortunately, 
the best nights for the work occurred before the Total Solar 
Eclipse, which had taken me out to Colorado. A desire to 
save my eyes prevented me from making as good use of these 
nights as I otherwise should have done. 

July 25th, West Las Animas.—The whole horizon seemed to 
be almost constantly illuminated with lightning, generally sheet- 
lightning. I observed about thirty or forty different flashes. I 
often saw the bright nitrogen-lines 5002 and 5681. I did not 
take any measurements of these lines; but there can hardly be 
a doubt as to their position. I saw in the part of the spectrum 
which I was observing three bands, which, however, did not 
always appear together. The measurements reduced to wave- 
lengths will be given further on. Two measurements of the 
bands 8 and y were obtained, but one only of the band æ. The 
greatest difference between the two measurements amounts to 
three times the distance between the sodium-lines. This 
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difference must be partly accoanted for by the difficulty of 
the observation, partly by the fact that the spectroscope had 
only just been unpacked after the journey; and it was found 
next day that it was considerably out of adjustment. The 
micrometer-screw, also, owing to the heat and dust, had a 
considerable backlash ; it was taken to pieces next day and 
cleaned, which greatly improved it. 

August 3rd, Manitou.—Clouds were coming from the west 
over Pike’s Peak; and strong flashes of lightning, partly sheet 
lightning, partly forked lightning, were observed. Only two 
measurements were secured. One of the bands measured was 
8. Prof. Arthur Wright, who was present, observed that one 
spot of the sky was illuminated during some flashes with a 
strong blue light, looking like a fluorescent light. I pointed 
the spectroscope to that spot, and observed a single broad band 
in the green. I moved the pointer on it as well as I could; 
but not being able to get another flash to verify the measure- 
ment, I had to take the reading. The position of this band, 
which I call à is very doubtful. 

August 18th, Salt-Lake City.—I only obtained one mca- 
surement of the band y. The kind of lightning observed differed 
considerably from that of the preceding nights. The lightning 
was nearly all forked lightning; and the bright nitrogen- 
line came out very strongly. The bands were but seldom scen. 
In one flash I saw a series of lines in the green which I had 
never seen before. My impression is that they were at about 
equal distances from each other, decreasing in strength towards 
the red; so that the whole made an impression similar to that 
of a fluted band, such as those seen in the spectrum of alu- 
minium oxide, but shading off towards the red. 


In addition to the line and band spectra, I have on many 
occasions seen a continuous spectrum only. 

The following Table contains all the measurements I have 
taken. I have added in the last column numbers contained 
in Dr. Vogel’s list of lines. It will be seen that these coincide 
with two of the bands I have seen. 


VOL III. E 
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Band. | Date. A | Mean. Vogel. 


sa uiu MN 


a. July 25 | 5592 | 5592 | | 
| ———— ——--i 
! July 25 | 5348 | 

B. July 25 | 5329 | 5334 | 53 | 
| Aug. 3 | 5325 | 

July 25 | 5175 | 

Y July 25 | 5193 | 5182 | 5184 

| Aug. 18 | 5177 
Lem ee ON Pesce ERU cS 
ò. | Aug. 3 ' 5260 | 5200 | 


In trying to identify these bands with known spectra we 
meet with an unexpected difficulty. Two of them unfortu- 
nately admit of two different interpretations. At first sight 
I was struck by the close agreement of a and y with two bands 
of carbonic oxide. These bands fade away towards the blue; 
and their sharp edges have a wave-length of 5607 and 5197. 
Observing with the same spectroscope, and widening tho slit 
as I did in observing the lightning, I can produce the same 
impression of an unshaded band; and taking a measurement of 
the centres of the bands under these circumstances, I obtain 
A —5579 and A=5180, which agree within the limits of pos- 
sible errors with the above values. 

The ordinary spectrum of air, however, contains a band at 
5178; so that, as far as mere position is concerned, one might 
well be taken for the other. I was, however, under the im- 
pression that I had sometimes scen this band without the chicf 
nitrogen double line 5002-5; and as the yellow band of car- 
bonic oxide was also apparently present, I stated with consi- 
derable confidence when I first wrote out this paper that I had 
observed the spectrum of carbonic oxide. It was only when 
I came to work out the position of the band 6 that I began to 
have serious doubts as to the accuracy of this conclusion. The 
position of the band 6, as I havo said, is very doubtful ; I even 
thought it was possible that I had taken a very bad measure- 
ment of either 8 or y, and felt at first inclined to reject it alto- 
gether. On working out its wave-length, however, I found 
that it was coincident with one of two strong bands, which are 
found at the negative pole of vacuum-tubes filled with oxygen. 
Now the second of the two bands is nearly coincident with 
the yellow band of carbonic oxide; so that, of the two bands 
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which I at first thought belonged to that gas, one might be duc 
to nitrogen, the other to oxygen, as seen at the negative pole. 

The explanation of the band B is obvious. It is the brightest 
of the two green lines in the low-temperature spectrum of 
oxygen. Its wave-length, when seen under a pressure of about 
a millimetre, is 5329; but under higher pressures it widens 
more on the less-refrangible side than towards the blue, and 
may well appear as a band with its centre at 5334 or even 
2941, as given by Vogel. 

I have not been able to obtain this band from atmospheric 
air in vacuum-tubes, although I have tried the experiment 
under various pressures. If the so-called continuous discharge 
is allowed to pass, the band spectrum of nitrogen alone appears; 
if the disruptive discharge passes, the high-temperature spec- 
trum of oxygen is superadded to the line spectrum of nitrogen. 
As regards the two bands æ and y, it does not seem to me to 
be possible at present to decide between the two interpreta- 
tions which I have given. On the one hand, it seems impro- 
bable that the slight traces of carbonic acid known to exist in 
the atmosphere should reveal their presence in the spectrum ; 
but, on the other hand, it is to be remarked that oxygen 
vacuum-tubes, which show the band 8, always reveal the 
slightest trace of carbonic oxide. It is exceedingly difficult, 
though quite possible, to obtain the band 8 without the bands 
« and y. The measurement of 8, however uncertain, renders 
it probable that the spectrum of the negative pole in oxygen 
forms part of the spectrum of lightning; and on the whole I 
should feel inclined to attribute the band æ to oxygen. I 
have shown in my paper on the spectrum of oxygen that this 
spectrum of the negative pole is due to an allotropic modifi- 
cation of oxygen (possibly ozone), and I have been able to 
obtain it, though only temporarily, in the positive part of the 
discharge. As regards the band y, I have some difficulty in 
attributing it to nitrogen, and still think it probably due to 
carbonic oxide. During the observations I certainly felt con- 
vinced that it did not belong to the same spectrum as the chief 
lines of nitrogen, and I made a note that, on the contrary, it 
generally appeared together with 8. It seemed sometimes to 
be present alone, and often to form the most prominent part 
of the whole spectrum. As the lines of the capillary part of 
an oxygen-tube are also present at the negative pole, together 
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with the bands distinctive of that pole, I can best express my 
observations on the band spectrum of lightning by saying that 
it resembles in a remarkable way the spectrum which is found 
at the negative pole of a vacuum-tube filled with oxygen which 
is slightly contaminated with carbonic oxide. 


VIII. On the Transmission and Distribution of Energy by the 
Electric Current. By C. Wirum Siemens, D.C.L., 
F.R.S.* 

[Plate VIII.] 

IN the autumn of 1876, when standing below the Falls of 

Niagara, the first impression of wonderment at the imposing 

spectacle before my eyes was followed by a desire to appre- 

ciate the amount of force thus eternally spent without pro- 
ducing any other result than to raise the temperature of the 

St. Lawrence a fraction of a degreef, by the concussion of 

the water against the rocks upon which it falls. 

Tho rapids below the fall present a favourable opportunity 
of gauging the sectional area and the velocity of the river; 
and from these data I calculated that the fall represents energy 
equivalent to nearly 17 million horse-power, to produce which 
by steam would require about 260 million tons of coala year, or 
just aboutthe entire amount of coal raised throughout the world. 

If one fall represents such a loss of power, what must be 
the aggregate loss throughout the world from similar causes ? 
and is it consistent with utilitarian principles that such stores 
of energy should go almost entirely to waste? But the diffi- 
culty arises, how such energy (occurring as it does for the 
most part in mountainous countries) is to be conducted to 
centres of industry and population. 

Transmission by hydraulic arrangements or by compressed 
air would be very costly and wasteful for great distances ; 
but it occurred to me that large amounts of energy, produced 
by means of the dynamo-electric current-generator, might be 
conveyed through a metallic conductor, such as a rod of 
copper fixed upon insulating supports. Such a conductor 
would no doubt be expensive ; but, if once established, the 


* Read February 22nd. 
+ The vertical fall being 150 feet, the increase of temperature would be 
1292 1? Fahrenheit nearly. 
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cost of maintenance would be very small, and its power of 
transmitting electric energy would be limited only by the 
heat generated in it through electric resistance. 

In venturing to give expression to my thoughts upon this 
subject, in my address to the Iron and Steel Institute in March 
1877, I stated that a copper rod 3 inches in diameter would 
be capable of transmitting energy to the extent of a thousand 
horse-power an hour a distance of 30 miles, there to give 
motion to electrodynamic engines, or to produce illumination 
sufficient to light up a town with 250,000 candle-power. 

Although this statement was considered by many a bold 
one at the time it was made, I now find that a conductor 
such as I then described might be able to transmit three or 
four times the amount of power then named, and that the light 
producible per horse-power was also, according to our present 
more advanced state of knowledge, very much understated. 

No serious difficulty need be apprehended as to the pro- 
duction of a current sufficient in amount to fill a conductor 
of such large proportions as here indicated. Although it 
would perhaps be impossible to construct a single dynamo- 
electric machine of sufficient power for that purpose, any num- 
ber of smaller machines could be easily coupled up both for 
intensity and quantity to produce the desired aggregate amount. 

A difficulty would, however, arise at the other end, where 
the electric energy was to be applied, and where it would 
therefore be requisite to have an arrangement for its distri- 
bution over a number of branch circuits, so that each might 
receive such a proportion of the total current in the main 
conductor as to produce the number of lights, or the amount 
of power intended to be supplied. An accidental increase 
of resistance in one or other of the branch circuits would 
produce the double inconvenience of starving the circuits in 
which such increased resistance had occurred and of supply- 
ing an excess of current to the other circuits. 

In order to carry out such a system of supply, it would be 
necessary to have the means of so regulating the current in 
each branch circuit, that only a predetermined amount should 
be allowed to flow through the same; it would be desirable 
also to furnish each circuit with the means of measuring and 
recording the amount of electric current passed through the 
same in any period of time. 
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It is my special purpose to bring before you an instrument 
by which these two purposes can be accomplished. The 
current-regulator (as represented in Plate XII.) consists 
principally of a strip of metal (of mild steel or fused iron by 
preference), which by its expansion and contraction regulates 
the current passing through it. This strip is rolled down to 
a thickness not exceeding 0°05 millim., and is of such a 
breadth that the current intended to be passed through the 
regulated branch circuit would raise the temperature of the 
strip to say 50° C. | 

This strip of metal (A) is stretched horizontally between a 
fixed support and a regulating-screw (B), at which latter the 
current enters, passing through the strip, and thence through 
a coil of German-silver wire (C) laid in the form of a collar 
round the centre, and connected at its other extremity with a 
binding-screw (D), whence the current flows on towards the 
lights or other apparatus to be worked by electricity. Upon 
its middle the strip carries a saddle of insulating material, 
such as ebonite, upon which rests a vertical spindle, support- 
ing a circular metallic disk (E), with platinum contacts 
arranged on its upper surface. Ten or any other number of 
short stout wires connect the helical rheostat at equidistant 
points with adjustable contact-screws (F), standing above the 
platinum contacts on the surface of the metallic disk. These 
wires are supported upon the circular frame (G) of wood or 
other insulating material, but are free to be lifted off their 
support if the metallic disk should rise sufficiently to be brought 
into contact with the screws. These latter are so adjusted 
that none of them touches the metallic disk when it is in its 
lowest position, but that they are brought one after another 
into contact with the same as the disk rises ; and it will be 
easily seen that for every additional contact-screw that is 
raised seriatim by the disk, a section of the helical rheostat 
between attachment and attachment is short-circuited by the 
metallic disk, and thus excluded from the circuit. When the 
disk is in its uppermost position the whole of the rheostat is 
short-circuited, and the regulator offers no other resistance to 
the current than that of the horizontal strip itself. In setting 
the regulator to work the regulating-screw (B) is drawn on 
sufficiently to bring the whole of tho contact-screws into con- 
tact with the disk. The passage of the current through the 
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strip will have the effect of raising its temperature to an ex- 
tent commensurate with the electrical resistance; and in the 
same measure the strip itself will be elongated, and cause the 
spindle with the contact-disk to descend. 

Another form of this instrument depends for its action 
upon the circumstance discovered by the Count du Moncel in 
1856, and more recently taken advantage of by Mr. Edison, 
that the electrical resistance of carbon varies inversely with 
the pressure to which it is subjected. A steel wire of 0:3 
millim. diameter is attached at one end to an adjusting- 
screw, B, and at the other to one end of a bell-crank lever, 
L, by means of which the pressure is brought to bear upon a 
pile of carbon disks, C, placed in a vertical glass tube. The 
current enters the instrument at the adjusting-screw B, and, 
passing through the wire and bell-crank lever, leaves below 
the pile of carbon disks. Its effect is to cause a rise of tem- 
perature in the steel wire, which, through its expansion, 
diminishes the pressure upon the carbon disks, and thus pro- 
duces an increase in their electrical resistance. This simple 
apparatus thus supplies a means of regulating the strength 
of small currents, so as to vary only within certain narrow 
limits. 

According to Joule’s law the heat generated in the strip 
per unit of time depends upon its resistance, and upon the 
square of the current ; or 

=R.. Ox, /H 
H=C?R, .. C= E 

On the other hand, the dissipation of heat by radiation de- 
pends upon the surface of the strip, and upon the difference 
between its temperature and that of the air. "Therefore, in 
order that the current C may remain constant, it must, at 
every moment, be equal to the square root of the tempera- 
ture divided by the resistance ; and this function is performed 
automatically by the regulator, which throws in or takes out 
resistance in the manner described, according as the tempe- 
rature increases or diminishes. 

The regulating instrument may also be adapted to the 
measurement of powerful electric currents, by attaching to 
the end of the sensitive strip a lever, with a pencil pressing 
with its point upon a strip of paper drawn under it in a 
parallel direction with the lever by means of clockwork, a 
datum line being drawn on the strip by another pencil. The 
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length of the ordinate between the two lines depends, in the 
first place, upon the current which passes at each moment, 
and, in the second place, upon the loss of heat by radiation 
from the strip. 

If R'is the resistance and H’ the heat with a current C’ 
and temperature T’, then, by the law of Joule, 

« dz. el 
and the loss by radiation is equal to 
H' =(T’—T)§, 

in which T' is the temperature of the strip, T that of tho at- 
mosphere, and 8 the surface of the strip. 

Considering that the resistance varies as the absolute tem- 
perature of the conductor, according to a law first expressed 
by Helmholtz, the value of R may be put for R’ for small 


variations of temperature ; and as during an interval of con- 
stant current the heat generated and that radiated off will be 
equal, we obtain 


n S . w=, /T-D5 
C*—(T —T), “C= UE 2. . (0) 


in which T! — T represents the movement of the pencil, and S 
is constant. 
For any other temperature TV, 


n, [EDS 
=q / MÀ. 


For small differences of C" and C', 

(C! — C 2C" (C — C^ ; 
that is to say, small variations of current will be proportional 
to the variations in the temperature of the strip. 

To determine the value of a diagram in Webcr's or other 
units of current, it is only necessary, if the variations are not 
excessive, to average the ordinates, and to determine their 
value by equation (1), or from a Table. 

These observations may suffice to show the possibility of 
regulating and measuring electric currents with an ease and 
cortainty quite equal to that obtained in dealing with currents 
of liquids such as gas or water; and the time may not be far 
distant when the use of such an instrument will also become 
a publie necessity. 

Other forms of the instrument will readily suggest them- 
selves to the mind of the constructive engineer; but the two 
typical forms I have described on this occasion will suffice, 
I think, to show its general character. 
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IX. A new Theory of Terrestrial Magnetism. 
By Professors JoHN Perry and W. E. Ayrton*. 


In the autumn of 1876, while experimenting on magnetic 
transparency, we designed an apparatus for testing whether 
a moving body having a definite electric charge would, like a 
current, deflect a magnet. While waiting for the conclusion 
of the rains, and the advent of the very dry season which ac- 
companies a Japanese winter, in order to try our instrument 
in conjunction with an ordinary plate-glass electrical machine, 
we received the account, published in the Philosophical Maga- 
zine for September 1876, of the experiments just performed 
by Mr. Rowland in the laboratory of Professor Helmholtz, 
by which it had been conclusively shown that a charge of 
electricity mechanically moved had the properties of an ordi- 
nary electric current as far as the deflection of a magnet was 
concernedf. 


* Read March 8. 

t Additional confirmation has recently been given on this subject by 
the experiments described by Mr. Crookes in his paper on the ^ Illumina- 
tion of the Lines of Molecular Pressure &c.," since he has shown that the 
stream of particles which is shot off from the negative terminal in a very 
perfect vacuum, and which produces the green phosphorescence, carries 
electricity with it and is deflected by a magnet. This may be regarded 
as a sort of converse experiment, since it proves that a magnet deflects a 
moving charge of electricity. 

VOL IIL F 
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Until this point was settled, it was unlikely that attention 
would be directed to the electromagnetic effects that might 
arise from the rotation of a charged body like the earth. 
Shortly, however, after the execution of the experiments re- 
ferred to we attempted (as described in our paper “ On Rain 
Clouds and Atmospheric Electricity,” which appeared in the 
Philosophical Magazine for March 1878) the solution of a new 
theory of terrestrial magnetism. This problem we have 
attacked in a variety of ways ; and the following solution, to 
which we have at length been led, we beg to otter for the ac- 
ccptance of the Physical Society. 

The points near the surface of the earth have different linear 
velocities from those in the interior (although all the points 
have the same angular velocity of rotation round the earth's 
axis) ; therefore, if the earth had an initial electrical charge, 
residing of course, in accordance with the well-known electrical 
law, on its surface, the electrified particles would have veloci- 
ties relative to the remainder; hence, as a direct consequence 
of the results ofthe experiments published by Professor Helm- 
holtz, the interior of the earth would be a magnetic field, quite 
independently of its interior constitution. Ánd precisely similar 
reasoning, of course, proves that outside the earth’s surface 
there would also be a magnetie field. (Vide addition at the 
end of the paper.) To determine the strength of this field we 
have the following relationship to start with. 

In $ 526, Clerk Maxwell's * Electricity, it is shown that 
an element of current C, of length ST, acts upon a unit mag- 
netic pole at a point P with a force 


C E sin PST, 
in a direction at right angles to PS and ST. Combining this 
with the experiments referred to above, we may assume that 
if a charge of static electricity (measured in electromagnetic 
units) Q, at the point S, moves in a direction ST with a velo- 
city v relative to a point P, it produces on a unit magnetic 
pole at P a force 

m sin PST, 


in a direction at right angles to PS and ST; and this is the 
only assumption employed in the following investigation. 
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Now suppose the earth to have the uniform density of elec- 
tricity o over its surface, and let its radius be unity. Consider 
the force produced, by the rotation of the electricity at a point 
S on the surface having coordinates r, 0, $, at a point inside 
the sphere having the coordinates r}, 0, d. . Then if the 
sphere be rotating with an angular velocity w round the axis 
of z, and if 0 be the angle between this axis and a radius, 
while ¢ is the angle between the axis of x and the projection 
of a radius, the velocity of S relative to P will have for its 
coordinates 


u or —w (sin Ó sin $ —7 sin 6, sin $4) parallel to z, 
tor  w(sinOcos ġ—r sin 0, cos $4) parallel to y ; 
also 
PY?=2? + m?+n?, 
where 
l= sin cos $ —7 sin 0, cos dy, 
m= sin ĝ sin $ —r sin Â; sin f, 
n= cos 0 —r cos 0. 


Now the direction-cosines of PS are proportional to l, m, and 
n; and the direction-cosines of ST, the direction of motion of 
S relatively to P, are proportional to u, v, or to —wm, wl, 
and 0. Consequently PS is perpendicular to ST. Also, if A, 
#, v are the direction-cosines of a line at right angles to PS 
and ST, 


A= E D 
PS/ C+ m? 
_ mn 
ma PSV +m? i 
_ —(m P) 


U PSVEF m?” 

where the negative sign must be given to the root. Now if 
F is the force at P due to the charge of surface-density o on 
the elementary area dô . sin 0 . dj at S moving relatively to P, 
we know that it must be at right angles to PS and ST, and 
equal to 

c sin 8. d0.dó x sin PST Vu? + Ë. 

a S aa 
Hence, if 5X, SY, 5Z be the resolved portions of the force F 

F 2 
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parallel to the axes of coordinates, and if dS stands or 
sin 9. d0.dd, we have 


sx 7.d8. Vtt E. 
PS? 
and similarly for SY, 8Z. 
Hence, if W stands for the summation over the whole sur- 


face of the sphere, and if X is the total force at P in the direc- 
tion of the axis of z, 


NM +m? nl 
PS? PSV 24m? 
awds d 

PS "PS 
ocwdS m 
PS "pg 


Z= aow dS m? m+? n. 
PS n PS 


Now the resolved part of the force along the axis of xis the 
same as would be the force in that direction due to a distribu- 
tion of attracting matter of density —now over the surface of 
the sphere. Similarly the resolved part of the force along the 
axis of y is the same as would be the force in that direction 
due to a distribution of attracting matter of density —now over 
the surface of the sphere; and the force in the direction z is 
the same as would be the force in the same direction due to a 


P +m? PS? ) 
= or ow : 


€ 


n" 


Regarding the force as being due to such a distribution, 


z-( cwdsS PS? n own dS | is 
JJ PS? ` n PS J) PS7 


Now the first integral is (f$ —pg which we know has a 


value equal to the potential inside the sphere due to a uniform 
distribution of density ow over the surface, and is therefore a 
constant, 47raw. So that the entire force in the direction z is 
4Tow minus the force in direction z due to a distribution of at- 
tracting matter of density now over the surface of the sphere. 


distribution having a density aw 
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Now it is easy to show that a distribution of attracting 
matter of a density proportional to n or to A+Ccos@ over 
the surface of a sphere will give 

X -—0, 

Y=0, 

Z = a constant ; 
therefore all that is necessary is to determine the value of this 
constant. We neglect the term A, because a uniform distri- 
bution produces a constant potential, or a zero force in all 
directions; the distribution C cos being a zonal harmonic, 
produces a potential inside the earth, 

_ 420 


V= “3 7 Cos 0;, 


4T 
=- Cz; 


so that the force Z which equals 7 is =O. Thus for the 


distribution C cos 0 we have the force = C ; so that the con- 


stant force above mentioned, 4zcw, requires the distribution 
3cwcos@. From this we must subtract the distribution now, 
or ow (cos 0—r cos 0j), giving us for the total distribution of 
attracting matter over the surface of the sphere a density 
2ow cos Ó + owr cos 0, ; 

but the latter term means a uniform distribution, producing 
therefore no internal force, and may therefore be neglected. 
And the first term is a zonal spherical surface harmonic; there- 
fore the electromagnetic potential due to the rotation of the 
electricity on the surface of the earth is 

ár 


3 2awr cos 0, inside the earth, 


and 


E: Qow 008 0, outside the earth, 


where w is the angular velocity of the earth on its axis, r the 
radial distance of any point from the earth’s centre, 0; the co- 
latitude of the place, 4vc the total quantity of electricity uni- 
formly distributed over the surface of the earth measured elec- 
tromagnetically, and the unit of length the earth's radius. 
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These results, which we think are logical consequences of 
the experiment performed in Professor Helmholtz’s laboratory, 
and referred to at the commencement of this paper, may now 
be applied in various ways. 

For example, if the iron of the earth is arranged nearly in 
a hollow sphere, of external and internal radius ag and a), 
then, since the potential given above is a zonal harmonic, 
we can at once apply Poisson’s result; and we find that the 
potential due to magnetization of the hollow sphere is 

e 
Amrk(9 + &ri)(a3— a3) ES owas "TT 
9+ 3670+ 3827'R(a8—a3) or? 
for all points outside the outer surface of the sphere; and 
hence, for points outside the surface of the earth, the total 
magnetic potential 1s 


T [ 8row7 cos 0 
SL 9-36z«432mwK(d—a) ' 8 Jr"? 
where « is the cocfficient of magnetization. 

Now Biot's approximation to the law of intensity of the 
force is 


4rrx( + Sm) (uà — a?) S 3 T gwa 1 


V 1-79 sin? A, 
where X is the latitude of the place; and we understand that 
this approximation is generally considered, for rough purposes, 
as a fairly accurate one, 
Our equation for any point at a distance from the centre 
and having a colatitude @ is 


V= Mes, 


and 


— i is the force directed towards the north, 


— A is the force directed downwards towards the earth’s 


centre ; 
therefore, if I be the magnetic intensity, 


P-(75) *(7 ) 


 M'sin? 0 i 4M? cos? 0 


6 3 


1$ T 
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or, putting r equal to unity (that is, for a point on the earth’s 
surface), 
I=M/1+3 cos? 0 
=MV 1+3 sin? À, 
which is Biot’s expression. 

Now this is a result which could not have been anticipated, 
and speaks well for our new theory of terrestrial magnetism. 

It is well known that many forms of distribution of iron 
inside the earth may be found which, with the existing poten- 
tial given above, will produce Gauss’s distribution of potential 
over the surface of the earth ; and it would be very interesting 
to try how close an approximation to the real potential would 
be obtained by considering the iron of the earth to form a 
hollow ellipsoid, one of its principal axes coinciding nearly, 
but not quite, with the earth's axis. This calculation would 
be comparatively easy; but we prefer at present merely con- 
fining ourselves to simple illustrations of our theory. 

Thus, let us, for simplicity, assume that the magnetic matter 
of the earth is iron, with everywhere a cocfficient of magneti- 
zation 

= 30*; 

then the terms involving x? will be large compared with the 
others; so that if, for a very rough approximation, we assume 
a, to be nought, and a; equal to unity, or the whole earth to 
consist of iron, we find 

V= 1607, C058 

à 7? 
Now Gauss gives for the magnetic moment of the earth, 
3:3092 »?, 

in millimetre-milligramme-second units, and where a is the 
number of centimetres in the earth's radius. Consequently, 
- since the dimensions of a magnetic moment are 


Mi LT. 


* x for ordinary iron is probably between 20 and 30; and in our igno- 
rance of the internal state of the earth, or what effect the great heat or 
pressure may have on the coefficient of magnetization, we are compelled 
to use this value; but it is possible, of course, that the real value of x 
may be very different, 
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the earth’s magnetic moment becomes 
00033092 n^ 8 n3, 
the units being the earth's radius, gramme, second. 

Assuming Biot’s distribution of magnetic force over the 
surface of the carth, which is also what our theory has led us 
to, we then get from Gauss's expression for the moment the 
result that the magnetic potential on the earth is 

0:33092 cos 0 n— 5, 
or 
0:00001311 cos O nearly ; 
so that roughly we have, for a point on the earth's surface, 


on ew — 0:00001311. 


But _ 2T . 
w= 24x 60 x 60? 


.*. the density 
o=0:0107 unit of electricity, 


or the total charge 

= 4r x 0:0107, 
the fundamental units of space, mass, time being the radius of 
the earth, the gramme, and the second. But the dimensions 
of ø are MÀ Li; so that, in order to express ø in C.G.S. units, 
we must multiply by ~n; therefore the total charge 


=4r x 0:0107 EL C.G.S. units 


a 
= 4or x 0:0107 / 2,000. 0004000 x 10" microfarads. 


To get an idea of the electromotive force required to pro- 
duce this charge, let us imagine one pole of a Daniell’s battery 
connected with the earth and the other with all bodies in space. 
Then, since the capacity of the earth is 630 microfarads, this 
charge will be produced for each cell so employed ; so that, if 
zis the number of cells necessary to produce our required 


distribution, 
4m x 00107 x A / 2x10 19: 
m 


630 
= 54 million roughly. 


t= 
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We have therefore proved that if the earth be electrified, it 
must, from its very rotation, quite independently of all other 
bodies in the universe, be magnetic; and if it consist of a 
shell of iron, thick or thin, then that the law of distribution 
of magnetism produced by this electric charge in mechanical 
rotation will be identically that given by Biot; and, lastly, 
if the earth were wholly of iron, a difference of potentials of 
about fifty-four million volts between it and space would be 
sufficient to produce the necessary amount of charge. 

Now, although fifty-four million volts is a large difference 
of potentials to be produced with a galvanic battery, there 
would not be the slightest difficulty in the earth having such 
a difference of potentials between it and space, seeing that the 
earth is surrounded by millions of miles of interplanetary va- 
cuum, every inch of which is as good or better an insulator 
than a Crookes’s vacuum; and it has been experimentally 
shown that many thousands of cells will not cause a discharge 
across even a comparatively thin film of such a vacuum. 

But even without considering the highly insulating cha- 
racter of interplanetary space, we sce from the experiments of 
Drs. De La Rueand Hugo Müller that the electromotive force 
of fifty-four million cells cannot, in all probability, initiate a 
spark between two points in ordinary air unless the distance 
separating them be less than four hundred feet. Consequently, 
if the electric charge which by its mechanical rotation pro- 
duces the magnetism be on the earth itself and not in the air, 
it could not be discharged by sparking, unless another planet, 
having at least a potential nought relatively to the earth, came 
at least to within four hundred feet of its surface. 

Next, as regards the sign of the electric charge on the 
earth's surface required to produce the earth's magnetic pola- 
rity, is it in accordance with the known phenomena of atmo- 
spheric electricity? To produce the earth’s magnetism, we 
must have, in accordance with the known laws of electro- 
magnetism, a negative current flowing from west to east, or in 
in the direction of rotation of the earth. In the language of 
the new theory, therefore, the surface of the earth must be 
negatively charged ; but Sir William Thomson has proved, by 
observations with his electrometer, that all the phenomena 
brought to light by atmospheric electricity, on a fine day, 
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could be produced by the sole agency of the earth having 
a negative charge and without any charge in the air itself. 
The negative charge, therefore, required for our explanation 
of the cause of terrestrial magnetism is sufficient to account 
for all the ordinary phenomena of atmospheric electricity. 

In the preceding investigation we have supposed the electric 
charge to be uniformly distributed over the earth, and so have 
arrived at a law of magnetic intensity merely varying with the 
latitude. But the sun and other members of the solar system 
may very likely have potentials so different from that of the 
earth that we can hardly conceive the amounts; consequently 
we should expect the static electric distribution of the earth 
would undergo periodic changes corresponding in time with 
those of the ocean-tides, But alteration in the static distribution 
of electricity on the earth’s surface means, as we have shown, 
alteration in the law of magnetic intensity; consequently we 
should expect that this magnetic intensity would vary somewhat 
as do the ocean-tides ; and this is known to be the case. But it 
is also evident that, besides these regular changes, every time a 
great mass of vapour is suddenly formed and condensed on the 
earth, and whenever great changes are occurring in the solar 
atmosphere whereby the lines of electrostatic induction from the 
sun to the earth are altered, we should find corresponding 
changes in terrestrial magnetism such as we now know as 
magnetic storms. And not only this, but as the planets are 
charged bodies, their motions relatively to the sun ought to 
cause 1notions in the sun's atmosphere such that, for instance, 
the allineation of a number of planets and the sun, or the near 
approach of any planets, if the alligned or approached planeta 
have potentials nearer that of the sun than many of the other 
bodies of the solar system, ought to diminish the storms in the 
solar envelope, and ought to alter the electrostatic distribution 
on the earth. But it has been shown that the near approach 
of a planet to the sun both affects the sun's spots and terres- 
trial magnetism. 

Aud, lastly, since the iron in the earth may, from its great 
pressure, possess great coercive force, we should expect (as 
we know to be the casc) that magnetic changes would lag 
behind the astronomical influences accompanying them. 
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Addition, April 17th.—Since the reading of this paper be- 
fore the Physical Society, several criticisms have appeared of 
this proposed explanation of terrestrial magnetism. Some of 
the writers have failed to realize that the various parts of a 
rotating sphere have relative motions one to the other, of such 
a nature that if some were electrified the others would become 
magnetized. Their difficulty seems to have arisen from the 
fact that the motion of a particle of a rotating rigid sphere 
consists of a rotation round the axis of the sphere com- 
bined with a rotation of the particle round its own axis; so 
that if two particles be looking at one another in one position 
of the sphere, they are looking at one another in all positions, 
just as the same side of the moon is always turned to the earth. 
But if this rotation of the particles round their own axes could 
be stopped, if, in fact, the motion of the particles became 
what is commonly known as * sun-and-planet motion ” similar 
to that of the bobbins in the machinery used in sheathing tele- 
graph-cables to prevent torsional strain being put into the 
iron wires as they are lapped on the core), then probably these 
writers would have no difficulty in seeing that the interior 
particles would be magnetized by the more rapidly moving 
electrified ones. Now the motion of an unelectrified particle 
round its own axis cannot in any way prevent it becoming 
magnetized by electrified particles revolving round it; for 
if it could, it would be equivalent to saying that, if the elec- 
trified particles were at rest and the unelectrified one revolving, 
the mere revolution of the latter would magnetize itself 
oppositely to the way it would be magnetized if it were at rest 
and the electrified ones only in motion—a result not only 
without experimental proof, but one also highly improbable. 
Consequently, if the particle has the two motions together (as it 
has in a rigid revolving sphere), it will still become magnetized 
if the surface of the sphere is electrified. 

In fact, so little can the motion of a mass of iron prevent 
its becoming magnetized by a moving charge of electricity, 
that it has been suggested to us, within the last few days, by 
Mr. G. F. Fitzgerald, of Trinity College, Dublin, that pro- 
bably a mass of iron would become magnetized by a static 
charge of electricity if both had rapid absolute motion in space, 
even although in the same direction in parallel lines and with 
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the same velocity—in fact, that relative motion is unnecessary. 
If this assumption (which has not yet been experimentally 
tested) be true, then not only will the mathematical analysis 
required in the investigation of the problem contained in this 
paper be much simplified, but, in addition the charge of elec- 
tricity on the earth's surface necessary to produce, by its me- 
chanical rotation, the earth's known magnetic moment will be 
considerably less even than the charge calculated above. We 
hope to put this idea of Mr. Fitzgerald's shortly to an experi- 
mental test; but in the meantime we give no further indica- 
tion of the reasoning by which it has been arrived at, nor of 
the way in which our equations would be modified, preferring 
to leave the investigation in a perfectly rigid form as it now 
stands, rather than to introduce any assumption which might 
appear problematical, even although such an introduction 
would both add weight to our theory, and might explain, from 
the velocity in space of a place at midnight being greater than 
at midday, the cause of the solar-diurnal magnetic variation. 


X. The Maintenance of Constant Pressures and Temperatures. 
By Frevericx D. Brown, B.Sc. 
[Plate IX.] 


THE great majority of the results obtained from physical 
experiments vary with the temperature at which the ob- 
servations are made. The measurements of the density of a 
substance, for example, of its refractive index, of its electric 
conductivity, of its elasticity, of the maximum tension, and of 
the latent heat of its vapour, all require that the temperature 
should not vary during the observations. Hitherto many of 
these measurements have been confined to temperatures dif- 
fering little from that of the atmosphere; such temperatures 
are easily maintained constant by means of a bath of water or 
other liquid; but when we try to make observations at higher 
temperatures, the means at our disposal fail us, and we find 
that, except at certain points (such as 100°), we cannot keep 
up the same temperature long enough to make at leisure ac- 
curate readings of our instruments. 

Many attempts have been made to obviate this difficulty, 
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but, as it seems to me, without complete success. The ordi- 
nary method has been to use a large quantity of water or 
other liquid, and to keep it in continual agitation; above 
50°, however, the temperature of such a bath is rarely, or 
never, rigorously constant, while the inconvenience and waste 
of time incurred in heating the large mass of liquid to the re- 
quired point are by no means to be neglected. 

In order to keep such a bath at a constant temperature, a 
large number of gas-regulators have been invented. In most 
of these a small vessel containing mercury or air is placed in 
the bath, and arrangements are made by which the gas-supply 
is partially shut off when the mercury expands beyond a cer- 
tain point. Probably the most sensitive form of this kind of 
apparatus is that recently described by M. Benoit to the French 
Physical Society. Here a small closed vessel containing methyl 
acetate is placed in the water the temperature of which is to 
be maintained constant; this vessel communicates with a ma- 
nometer containing mercury ; and as the vapour-tension of 
the methyl acetate increases, the mercury in the manometer 
rises, obstructing the flow of gas to the burner in the usual 
way. 

I have applied this form of thermostat to a bath of water 
used for heating along column of mercury. The water is con- 
tained in a vertical copper cylinder 42 inches in length by 6 
in diameter; the cylinder is packed with felt on the outside, 
and contains within it a second smaller and shorter one open 
at both ends, and extending to within about 2 inches of the top 
and bottom. By means of a suitable mechanical arrangement, 
the water is made to flow continuously down the space be- 
tween the two cylinders and up the inner cylinder; the upper 
and lower portions of the bath are thus kept at exactly the 
same temperature. The water is heated by allowing it to cir- 
culate through a copper coil placed over a gas-burner. Even 
when the small vessel of the thermostat is filled with ether, 
the tension of which varies much more for a given variation of 
temperature than does that of methyl acetate, the temperature 
is subject to fluctuations of as much as 0°1, and this indepen- 
dently of the change which necessarily occurs when the pres- 
sure of the gas is altered. 

Gas-regulators are employed perhaps more successfully 
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where the gas-flame can be applied directly underneath the 
bath ; for the rise of temperature in the water then follows 
more rapidly upon the increase of the flame, the flow of gas 
is sooner checked by the mercury, and the tendency to allow 
too much heat to be communicated to the water is thereby 
lessened. Still better results are obtained if the thermostat 
be applied to an outer jacket of water surrounding the bath in 
which the observations are made. Both these conditions, how- 
ever, are generally very difficult to carry out where large 
quantities of water are of necessity used. Even when all 
these precautions are taken, a constant temperature, in the true 
meaning of the words, is not attained. For a further discus- 
sion of the defects of this form of thermostat see Laspeyres*. 

The only practicable way of attaining the object in view ap- 
pears to be afforded by the fact that the vapour emitted by a 
boiling liquid does not vary in temperature, provided that 
there is no variation either in the composition of the liquid 
or in the pressure to which it is subjected. Taking their 
stand on this consideration, Laspeyres (loc. cit.) and Sprengel 
(Journ. Chem. Soc. 1873, p. 458) suggested the use of mix- 
tures of sulphuric acid and water of different strengths, which, 
if the vapour given off is condensed and returned to the mass, 
boil constantly at certain given temperatures: here the constant 
temperature is afforded by the liquid and not by the vapour, 
which is less hot; hence, if the liquid tends to become super- 
heated, fluctuations in temperature will infallibly occur. The 
great objection to this method is that, when a series of tempe- 
ratures is required (as, for instance, in the comparison of ther- 
mometers), great inconvenience and loss of time is incurred by 
having frequently to replace the liquid in the apparatus by 
another containing a different proportion of sulphuric acid or 
other substance. 

A series of temperatures can be obtained with one liquid 
only, if the pressure under which it boils be varied. This 
method, simple as it appears, is beset with considerable me- 
chanical difficulties, to surmount which the apparatus described 
below has been constructed. 

At first sight it would seem that, if the vessel containing the 
steam be connected with a large closed vessel serving as air- 

* Pogg. Ann. clii. p. 132. 
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reservoir, all that is necessary is to rarefy or compress the air in 
the reservoir to the required extent, and to allow the liquid to 
boil undisturbed. But the steam-bath is necessarily large; and 
the reservoir therefore must be largealso. Now the reservoir 
must not only be strong enough to stand a vacuum inside it, but 
must also be capable of supporting an interior pressure of at 
least 50 Ibs. on the square inch; such a reservoir is not only 
cumbrous and expensive, but dangerous. Further, any change 
of temperature in the room alters the pressure inside this reser- 
voir ; it must therefore be placed in a cistern of water, which is 
a second objection. The great obstacle to the employment of 
this method, however, is the difficulty of preventing leakage 
even with the greatest possible care. In endeavouring to stop 
leaks I expended so much time that I gave up the reservoir, 
and determined to construct an apparatus for maintaining a 
constant pressure In a given vessel even when it leaked. 
Lothar Meyer (Ann. Chem. Pharm. vol. clxv. p. 303) had 
already devised an apparatus of this kind, adapted chiefly to 
fractional distillation under reduced pressure. It consists essen- 
tially of two vertical tubes, A B and C D (fig. 1, Pl. XIII.), con- 
nected at the upper part by the lateral tubes E and F; at B an 
india-rubber tube connects A B with the tube K, which slides 
up and down the board to which the whole is fixed ; at the top 
of A Bisa tube H which is connected with an air-pump ; the top 
of C D is provided with a cork, through which a narrow tube S S 
passes nearly to the bottom of C D ; finally, the lateral tube & is 
connected with the apparatus X, in which a constant pressure is 
kept up. Sufficient mercury is poured into R to fill A B up to 
the lower end of H when Ris about half full; C D is also filled 
with mercury, which is let out by the tap M until the column 
P S above the lower end of S S is equal to the difference .be- 
tween the required pressure and that of the atmosphere. If 
now the air-pump be set to work, a partial vacuum will be 
created in X and in the tubes A B and C D, the mercury will 
rise in A B until it touches the lower end of H; Ris then placed 
in such a position that the vertical distance between the lower 
end of H and the surface of the mercury in R is equal to PS. 
It is now evident that when the desired pressure is reached 
the mercury will close up the orifice of H, thus stopping the 
withdrawal of air; while if the pressure is less than that re- 
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quired, more air will enter through the tube S S and bubble up 
through the mercury, and thus a more or less constant pressure 
will be maintained in X. 

This apparatus suffers from two defects: first, the splash- 
ing of the mercury as it is sucked up H and then falls down 
again, together with the bubbling of air up C D, renders the 
pressure in X slightly variable; secondly, it is only adapted 
for pressures less than that of the atmosphere. 

Meyer's instrument has very recently been modified by Dr. 
Otto Schumann and by W. Stadel and E. Hahn (Ann. Chem. 
Pharm. vol. exev. p. 218); the new form, although capable 
of regulating pressures above an atmosphere, apparently with 
tolerable accuracy, has a very limited range. 

The apparatus for maintaining constant pressures, which I 
now wish to bring to the notice of the Society, consists of a ma- 
nometer connected with which is an automatic arrangement for 
governing the supply of air. The manometer (fig. 2) consists of 
a tube A B having the form and dimensions shown in the figure; 
the lateral tube C is connected with the vessel X, in which a 
constant pressure is to be kept up; the tube D is connected 
with an air-pump or other contrivance for rarefying and com- 
pressing air. The upper end of the tube A B is closed by an 
india-rubber stopper, or, better, by a metal cap, through which 
the rod E, passes air-tight; this rod is tipped with platinum 
at its lower end. The lower end of A D is joined by means of 
india-rubber tube to the tube F, of which the upper part has 
the same diameter as that of A B; this tube is fitted with 
another cap and iron rod E; similar to the first ; but the cap 
does not fit air-tight. The piece of wood which carries F 
moves along the scale S S in a groove in the board to which 
the. whole is fixed. Lastly, the two rods E;, E, are furnished 
with binding-screws for copper wire, while a third binding- 
screw K is connected with a small piece of steel tube inter- 
posed between the end of AB and the india-rubber tube. 
This third connexion with the mercury contained in the mano- 
meter may of course be made by means of a third (insulated) 
rod passing down to the bottom of the wider part of A B or F. 

To fill and adjust the manometer, the tube F is raised to the 
same level as A, and mercury is poured in until it just reaches 
the wide cylindrical portions of A and F; the rods E,, E; are 
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thon moved until the point of E, just touches the surface of 
the mercury, while that of E; is a fraction of a millimetre 
above it. 

Suppose now that F be lowered n millims. and the air- 
pump be set to work to pump air out at D; further, that K 
be connected with one pole P of a battery, and the rods 
E, E; with the other pole N; then it is evident that as long 
as the pressure in A, and consequently in X, is greater than 
H —n (where H= the baromctric pressure), the current will 
pass through the circuit P K E; N, whereas when the pressure 
is less than H—n the current will pass along PK E, N. 
Similarly, if F be raised n millims. above A and the pump be 
made to compress air into A, as long as the pressure is less 
than H +n, the current will pass along P K E, N; but when 
the pressure becomes greater than H + n, the current will pass 
along PK E, N. In order to economize space, the tube A B 
is widened out at B ; and when it is intended to obtain a 
pressure greater than H, the rod E, is replaced by a long one 
reaching down to B; this, of course, is equivalent to lowering 
A or raising F nearly the whole length of the scale SS. In 
the further description I shall only consider the case in which 
F is lower than A—that is, when a pressure less than H is 
required; the alteration needed for higher pressures will readily 
suggest itself. 

The apparatus depicted in fig. 3 consists of a brass tap T and 
an electromagnetic clutch to work the tap automatically. The 
tap, which is shown in section in fig. 4, is placed between the 
tube D of the manometer (fig. 2) and the air-pump, L, being 
connected with D and L4 with the pump. From the figure it 
is readily seen that when the tap is in the position drawn, and 
the lever fitted to the head of the key lies in the direction a b, 
air will be admitted into the manometer ; if, on the other hand, 
the lever and key occupy the position a’ b’, the pump will with- 
draw air from the manometer. The object ofthe clutch, there- 
fore, is to place the tap in the first position when the pressure is 
too small, and in the second when itis too great. The lever ab 
(fig. 3) terminates in two arcs which are grooved to hold a cord; 
these arcs are furnished with set screws S,, Sz, by means of which 
the amount which the tap can open may be regulated. The 
two ends of the lever are connected by strings at S, S, to the 
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loose pulleys P, P, of the clutch. These pulleys are made of 
soft iron, and run on a spindle which revolves on the centres 
A,, A. Revolving with the spindle and facing P, and P, are 
two small electromagnets M,, M; : one end of the coils of each of 
these magnets is soldered to the insulated ring Iz; the two other 
ends are soldered to I, and I; respectively. The binding-screws 
U,, Us, U; are connected electrically by means of springs with 
these rings; U; is further connected with the pole N of the 
battery, while from U, and U; wires run to E; and E, respec- 
tively. The disposition of the wires is shown in fig. 5: it is 
there evident that if the mercury in the manometer touches 
the rod E,, M; will become magnetic; the loose pulley P, 
(fig. 3) will then tend to revolve with it, and the tap will take 
up the required position ab; while if the mercury touches Es, 
M, will become magnetic, P; will revolve, and the tap will 
assume the position a’ b’, in which communication is made 
with the air-pump. By this arrangement, therefore, the pres- 
sure in the manometer, and in whatever apparatus is connected 
with it, is caused to rise and fall within very small limits; with 
care these limits may be made to differ only about 0:25 millim. ; 
and thus a practically constant pressure is attained. 

The current required to work the magnets is no more than 
is furnished by a small Smee's cell; the magnets may be 
made to revolve with a small turbine; the air-pump may be 
replaced by a Bunsen water-pump ; an air-pump, however, 
is the only convenient apparatus for compressing air. 

It may be objected that the arrangement above described 
requires motive power, which is not always at hand in a labo- 
ratory. To meet this objection I endeavoured to construct a 
double valve to be moved to and fro by two stationary mag- 
nets; but I found that magnets of ordinary size were not 
powerful enough for the work, as the valve, to be of any use, 
must fit perfectly air-tight, even when subjected to very high 
pressures. I have not, however, given much attention to this 
point, an engine which I use for many other purposes being 
obviously the best source of the necessary power. 

In fig. 6 is given a section ofthe steam- or vapour-bath which 
I employ for the comparison of thermometers and for the 
measurement of the expansion of liquids in dilatometers ; it is 
also suitable for the direct comparison of thermometers with a 
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standard air-thermometer. The bath is made of brass, and 
eonsists merely of a boiler B surmounted by a double tubo 
D ,D similar to those first used by Rudberg and Regnault for 
the upper fixed point of thermometers; the vapour, after tra- 
versing this, passes into the U-shaped condenser C, from 
which the condensed liquid runs back into B down the tube 
E. The end H of this condenser is connected with the lateral 
tube C of the manometer by means of a very small lead pipe; 
and thus the liquid can be made to boil under any required 
pressure. The thermometers or other instruments are placed 
in the small tubes T T, which are filled with petroleum of high 
boiling-point. Besides water, the best liquids for generating 
the vapour appear to be carbon disulphide for low, and purified 
paraffin oil for high temperatures; the latter substance I have 
not hitherto used, as I have had no occasion to make observa- 
tions at such temperatures. I have, however, made experi- 
ments with it in a smaller apparatus of similar form, and found 
that no variation of temperature took place. 

The temperature obtained from these three liquids may be 
varied from 25° to 300? without unduly increasing the 
pressure. 

If the temperature in the double tube D D be observed with 
a thermometer of which each degree is 5 millims. long, no 
variation can be detected, even with an extremely rigid cathe- 
tometer, provided, of course, that the barometric pressure does 
not alter; the variation due to this cause might, if necessary, 
be removed by making the cap of the tube F of the mano- 
meter fit air-tight. When great accuracy is necessary, it is 
not advisable to decrease the pressure below 100 millims. 

In order to see whether the whole length of D D is at the 
same temperature, small oblique tubes similar to T were in- 
serted, one at the top, the other at the bottom; a thermometer 
placed first in one and then in the other of these, gave exactly 
the same reading in both. 

To sum up. First, with the above apparatus, viz. a mano- 
meter communicating by means of a specially constructed tap 
worked by a double electromagnetic clutch with a constantly 
working air-pump, any given pressure may be maintained for 
an indefinite period without varying more than 0:25 millim.; 
secondly, if this constant pressure be applied to a suitable 
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vapour-bath, any given temperature between 25° and 300° 
may be maintained absolutely constant as long as no chemical 
change occurs in the liquid whence the vapour is derived. 


XI. On the Fracture of Colloids. By FREDERICK GUTHRIE*. 
[Plates X. & XL] 


$ 1. A PROMINENT property with regard to solid colloids 
is that they have neither crystalline form nor planes of 
cleavage. When such a body is broken it offers the so- 
called conchoidal fracture. An agglomeration of crystals 
may present in mass the conchoidal fracture usually associated 
with colloids. This is the case with granite, and eminently 
so with basalt, all of whose constituents are crystalline. 
When the solid has resulted from the intersolution of two or 
more crystalloids it may, like glass, present the colloidal 
fracture in a most marked manner. And, indeed, even single 
crystals themselves are often subcolloidal in fracture ; that is, 
conchoidal fracture accompanies the crystalline. This state 
is shown by the diamond, sugar-candy, quartz, &c. 

I assume here that every cohesionally homogeneous mass 
of solid matter will break conchvidally when subjected to 
pressure sufficient to cause fracture. 


Experiments. 

§ 2. The cracking of a glass plate by pressure offers no 
special features of interest. A round plate placed on a thick 
soft cloth and pressed in the centre by a round cork cracks 
radially ; the cracks are generally slightly curved. Fig. 1 
shows two examples of fracture of crown glass by pressure in 
the centre. Similarly, if a round sheet of glass placed on a 
thick soft cloth be pressed down at its circumference by means 
of cardboard rings, the same class of crack is produced ; for, 
indeed, the two conditions are essentially identical. 

§ 3. The internal strain caused by difference of temperature 
causes fracture of great regularity and beauty. It rarely 
happens that a sheet of glass of any shape breaks into only 
two pieces when heated. If a circular piece of ‘ crown" 
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glass, about 34 inches in diameter, be loosely balanced hori- 
zontally between the lips of a wooden clip and brought with 
its centre over an air-gas burner so that the top of the flame 
is about an inch below the glass, the latter almost invariably 
cracks at least into three pieces ; and when the pieces are three 
in number they as invariably have the form shown in fig. 2. 

The remarkable symmetry of each of these, and their 
similarity to one another, show that the shape is not an 
accident of the glass. The constant features are (1) that the 
iwo main cracks join before reaching the circumference, 
(2) that there are in each crack, reckoned from this con- 
fluence, three concavities towards the centre of the circle, the 
first being nearly straight, (3) that there is a little kick 
given by the crack as it leaves. 

Out of sixty-four specimens of fracture produced under 
these conditions ten showed this species of two-crack fracture. 
The shapes of the cracks are perfectly similar to those given ; 
and the symmetry is sometimes such that the side pieces may 
replace one another after inversion so perfectly that it is 
scarcely possible to tell that they are misplaced. 

$ 4. The same method of heating may result in the' pro- 
duction of a great variety of forms ; but they are all derived 
from the above type. In fig. 3 are shown a few of the more 
simple. 

The three-crack figures (a, a) are about as frequently 
formed as the two-crack figures. I find eight of the three- 
crack out of sixty-four similarly treated specimens. Per- 
fectly similar forms were got when the plate was laid on & 
retort-ring or supported on three corks and heated in the 
same manner. A special series of experiments was moreover 
made to sce if the position of the clip had any influence upon 
the attitude of the crack. In figures 2 and 3 the mark f 
shows where the plate was held. As to the effect of the posi- 
tion in the original sheet of glass of the pieces experimented on, 
as determining the attitude of the axis of cracking, the follow- 
ing examination was made. Six pieces having been marked 
as they lay in the sheet, forming a radial band, were cut out 
and heated as above. The apex of crackage always appeared 
somewhere on the semicircle which was towards the centre 
of the sheet, but varied in this semicircle so considerably that 
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it is at present doubtful whether the position in the sheet in- 
fluences the crack-axis. Fig. 4 shows the amount of varia- 
tion ; the point of the arrow represents the apex of the crack- 
curve. The lower figure represents the original sheet and 
the positions of the several pieces in it. 

§ 5. If the sheet of glass be made very much larger, or the 
flame smaller and more pointed, another alteration of the 
crack-figure ensues. The apical point of the previous figures 
advances into the sheet; and this is followed by a fan-like 
cracking of the glass between the apex and the still nearest 
circumference. In fig. 4,a shows the cracking of a plate 
of crown glass, 9 inches in diameter, over an air-gas burner ; 
b is a 51-inch-diameter plate similarly treated. In c we have 
a plate of crown glass, 3 inches in diameter, which was laid 
on a cloth and heated from above by a fine blowpipe-flame. 
If we conceive what was before called the apical point to reach 
the centre, the heat fracture would become approximately the 
central-pressure fracture, namely radial. 

$ 6. A piece of plate-glass } inch thick and a little over 
7 inches in diameter, cracked when heated in the centre over 
an air-gas burner, as shown in fig. 9 a. A piece of *' sheet- 
glass " (Chance's), 3 inches in diameter, cracked as shown in 
b. A slab of resin $ inch in thickness and 31 inches in dia- 
meter, heated in the centre by a jet of low-pressure steam, gave 
the fissures shown in ¢. Square porcelain tiles cracked nearly 
Btraight across in one crack. 
` § 7. Pieces of crown glass of various shape were next 
examined, with the result which declares itself in fig. 6. The 
pieces were supported at the point marked c, and the flame 
applied below the point marked f. 

The figure 6 shows that the same general type is preserved. 
It instructs us that the apical point seeks one of the nearest 
points of the circumference. 

$ 8. Experiments were next made for the purpose of as- 
certaining under what circumstances, if at all, a crack could 
cross a crack. A circular plate of crown glass was cut by the 
diamond in concentric rings, and the crack was made to pass, 
by tapping, completely through the thickness of the glass, 
around the whole circumference. Such divided glass on being 
heated in th centre over an air-gas burner cracked according 
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to the same type as before. Sometimes the heat-crack would 
run across the diamond-crack, as though the latter had no 
existence. Sometimes the heat-crack would follow, and, as 
it were, adopt the diamond-crack, and then break off. In the 
latter of such cases the inner circle may be suffering a three- 
crack fracture, while the outer ring exhibits only a two-crack 
fracture on the converse. Fig. 7 (a) exhibits the former 
circumstance, fig. 7 (b) shows the influence of a greater 
number of concentric cracks. 

$ 9. The heating of the central part of a circular plate 
should give the same crack-figure as the cooling of the cir- 
cumference ; and, as a matter of experiment, it is found that 
the figures are very similar. In order to cool the circum- 
ference of a heated circular plate with some approach to 
uniformity, an annular trough was constructed by cementing 
concentrically two glass cylindrical vessels of the same depth 
but different diameters, one inside the other, and over-filling 
with mercury, so that the convex surface of ihe metal pro- 
jected. The glass was held in a wooden clip widely stretched, 
80 that the axis of the clip being vertical the plate was hori- 
zontal. Held, when uniformly hot, immediately above the 
mercury, it was let drop and pressed down in the middle by a 
piece of wood. The fracture is in this case instructive ; for 
while in fig. 8 (a) the old type got by heating the centre is 
resumed in b and c, the fracture is either influenced or even 
accompanied by the circular fracture along or near the line of 
greatest temperature-difference. 

$ 10. It is clear that heating in the central regions should 
produce a similar fracture to that brought about by cooling 
around the circumference, and cooling at the centre a similar 
fracture to that caused by heating the circumference. 

On heating a circular plate at the circumference by means 
of a “ rose ” air-gas burner, it breaks with far greater violence 
than when fracture is produced by central heating. The 
parts are scattered at least three times as far in the former as 
in the latter case. The form of the fracture is essentially 
radial; but the fragments, even when the primitive type is 
widely departed from, present wonderful symmetry. A 
noticeable point in this fashion of fracture is the invariable 
appearance of two pieces on opposite sides of the centre whose 
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form is approximately rectangular ; that is, their sides are half- 
cords instead of radii. This form suggests that there are two 
chief centres of maximum fracture, and that the bounding 
radii of the two systems are parallel. In fig. 9 the pieces 
marked a represent these singular pieces. Out of seven plates 
which have been broken in this way, there is not one in which 
this feature is absent. 

§ 11. As to cooling a hot plate in the centre, I find snch 
extreme difficulty in reproducing the inverse conditions of 
heating a hot plate at the circumference that I have rarely 
succeeded in reproducing the same type of fracture. 

Also it is seldom the case that a sheet of glass cracks during 
heating at its edge. More frequently a sheet of glass which 
has been heated at its edge cracks when cooling. The crack 
then appears to follow that isothermal line along which there 
is the greatest difference of temperature at right angles to 
the line. 


Remarks. 


§ 12. About the fracture by mechanical strain it may 
appear to satisfy many that the lines of fracture are perpen- 
dicular to that resultant of the pressure which lies in the 
plane fractured. A tear in a sheet of paper is at right angles 
to the two opposing pressures, or rather to their resultants at 
the point yielding. 

What is a crack? Which are its beginning and end? In 
only one of the above-cited experiments can the growth of a 
crack be followed. In § 11 when a plate heated at the edge 
has refused to crack while being heated but cracks on cooling, 
the crack is seen to extend from the edge of the plate inwards, 
following, generally speaking, a semicircular path, but some- 
times curiously modified towards the centre of the curve. 

A crack is neither a line of least cohesion nor a line of 


e e e . C e. e. . 
greatest strain. Nor is it a line where - has a series of mini- 
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mum values. The more perfectly elastic a medium is, the 
more fully does the crack resemble a flash of lightning or 
wisely laid railway-line, and the more it departs from the 
river-course or the descent of a globule of mercury down an 
inclined but undulating surface. Its path is the curve whose 
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course is determined by the integnal of : being a minimum. 


The sudden splitting through of the solid æther by the electric 
discharge furnishes us with figures by no means remotely re- 
sembling those of the fracture of glass. Even or rather 
especially the forms of fig. 4 remind us of this. 

As to the typical form in fig. 2, it has been suggested by my 
brother, Mr. Charles Guthrie, that this form is a compromise 
between the circular line of fracture along some isothermal 
line where the difference of temperature is greatest, or rather 
ihe difference of expansion is greatest, with the three lines of 
relief which would be radii at angles of 120° with one 
another. 

This is a very suggestive hint ; but, for reasons sufficiently 
apparent from the foregoing, it is insufficient. 


XII. Induction-balance and Experimental Researches therewith. 
By Prof. D. E. HucuHeEs. 
[Plate XII.] 


IMMEDIATELY upon the announcement of Arago’s discovery 
of the influence of rotating plates of metal upon a mag- 
netic needle (1824), and Faraday's important discovery of 
voltaic and magneto-induction (1831), it became evident 
that the induced currents circulating in a metallic mass might 
be so acted upon either by voltaic or induced currents circu- 
lating in a metallic mass as to bring some new light to bear 
on the molecular construction of metallic bodies. 

The question was particularly studied by Babbage, Sir John 
Herschell, and M. Dove, who constructed an induction-balance, 
wherein two separate induction-coils, each having its primary 
and secondary coils, were joined together in such a manner 
that the induced current in one coil was made to neutralize 
the induced current in the opposite coil, thus forming an in- 
duction-balance, to which he gave the name of “ ditterential 
inductors." In those days physicists did not possess the ex- 
quisitely sensitive galvanometers and other means of research 
that we possess toduy; but sufficiently important results were 
obtained to prove that a vast field of research would be opened 
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if a perfect induction-balance could be found, together with a 
means of correctly estimating the results obtained. In ex- 
perimenting with the microphone I had ample occasion to 
appreciate the exquisite sensitiveness of the telephone to 
minute induced currents. This led me to study the question 
of induction by aid of the telephone and microphone: the re- 
sults of those researches have already been published. Con- 
tinuing this line of inquiry, I thought I might again attempt 
to investigate the molecular construction of metals and alloys ; 
and with this object I have obtained, after numerous compara- 
tive failures, a perfect induction-balance which is not only 
exquisitely sensitive and exact, but allows us to obtain direct 
comparative measures of the force or disturbances produced 
by the introduction of any metal or conductor. 

The instrument now submitted to the Physical Society 
consists, Ist, of the new induction-currents balance ; 2nd, a 
microphone, with a clock as a source of sound ; 3rd, electric 
sonometer, or absolute sound-measurer, a late invention of my 
own ; 4th, a receiving telephone and three elements of 
Daniell's battery. In order to have a perfect induction-cur- 
rents balance suitable for physical research, all its coils as well 
as the size and amount of wire should be equal. The primary 
coils a, a’, and the secondary coils b, b’, should be separated and 
not superposed. The exterior diameter of the coils is 54 
centims., having an interior vacant circular space of 3 
centims. ; the depth of this flat coil or spool is 10 millims. 
Upon this box-wood spool are wound 100 metres of No. 32 
silk-covered copper wire. I use four of such coils, formed 
into two pairs, the secondary coil being fixed permanently, or 
by means of an adjustable slide, at a distance of 5 millims. from 
its primary ; on the second similar pair there is a fine micro- 
meter-screw, allowing me to adjust the balance to the degree 
of perfection required. These two pairs of coils should be 
placed at a distance not less than one metre from each other, 
so that no disturbing cause may exist from their proximity, 
The two primary coils are joined in series to the battery, the 
circuit also passing through the microphone. In place of the 
telephone I have sometimes used a magnetic pendulum, the 
swing or the arc described indicating and measuring the 
forces. I amat present engaged upon a very sensitive volta- 
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meter, which shall indicate and measure the force of rigid 
induced currents. The telephone, however, is well adapted as 
an indicator, but not as a measure of the forces brought into 
action. For this reason I have joined to this instrument an 
instrument to which I have given the name of electric sono- 
meter (Pl. V.) This consists of three coils c, d, e, similar to those 
already described, two of which are placed horizontally at a fixed 
distance of about 40 centims. apart ; and the communication 
with battery is so arranged that there are similar but opposing 
poles in each coil ; between these two there is a coil, d, which 
can be moved on a marked sliding scale, f, divided into milli- 
metres, in a line with these two opposing primary coils*. This 
central coil is the secondary one, and connected by means 
of a switching key with the telephone in place of the induc- 
tion-balances. If this secondary coil is near either primary 
coil, we hear loud tones, due to its proximity. The same effect 
takes place if the secondary coil is near the opposing coil, 
except that the induced current is now in a contrary direction, 
as a similar pole of the primary acts now on the opposite side 
ofthe induction-coil. The consequence is, that as we withdraw 
it from one coil and approach the other, we must pass a line 
of absolute zero, where no current whatever can be induced, 
owing to the absolute equal forces acting equally on both sides 
of the induction-coil. This point is in the exact centre be- 
tween the two coils. 

We thus possess a sonometer having an absolute zero of 
sound: each degree that it is moved is accompanied by its 
relative degrees of increase; and this measure may be ex- 
pressed in the degrees of the millimetres passed through, or 
by the square of the distances in accordance with the curve of 
electro-magnetic action. If we place in the coils of the in- 
duction-balance a piece of metal (say copper, bismuth, or iron), 
we at once produce a disturbance of the balance, and it will 
give out sounds more or less intense on the telephone according 
to the mass, or if of similar sizes, according to the molecular 
structure of the metal. The volume and intensity of sound is 
invariably the same for a similar metal. If by means of the 
switching key the telephone is instantly transferred to the 


* If the coils c and e are of unequal size, the zero of the scale will 
occupy a position similar to that shown on the Plate. 
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sonometer, and if its coil be at zero, we hear sounds when 
the key is up, or in connexion with the wire g, which leads 
to the induction-balance, and no sounds, or silence, when the 
key is down or in contact with the wire A, in connexion with 
the sonometer. If the sonometer-coil were moved through 
several degrees, or through more than the required amount, 
we should find that the sounds increase when the key is 
depressed ; but when the coil is moved to a degree where 
there is absolute equality, if key is up or down, then the 
degree on scale should give the true value of the disturbance 
produced in the induction-balance ; and this is so exact that 
if we put, say, a silver coin whose value is 115°, no other 
degree will produce equality. Once knowing, therefore, the — 
value of any metal or alloy, it is not necessary to know in 
advance what the metal is ; for if its equality is 115°, it is 
silver coin ; if 52, iron ; if 40, lead ; if 10, bismuth ; and as 
there is a very wide limit between each metal, the reading of 
the value of each is very rapid, a few seconds sufficing to 
give the exact sound-value of any metal or alloy. 

The respective values of the different metals may, as I have 
already pointed out, be indicated by introducing the sono- 
meter into circuit. I find, however, that it is difficult to 
estimate fractional differences when the sounds to be com- 
pared are loud. I therefore prefer to balance the metal under 
examination by means of a similar mass placed in the opposing 
coil, reading on the sonometer the differences of sound, which 
are then slight. Experience has shown that the most accurate 
results are obtained when the sonometer is replaced by a gra- 
duated strip of zinc about 23 millims, wide, 200 millims. long, 
and tapering from a thickness of 4 millims. at one end to a 
fine edge at the other, and superposed in a horizontal plane 
over the opposing coil b’, the metal to be tested being in a 
plane midway between a and 6 on the left of the plate. 

The delicacy of the readings may of course be greatly in- 
creased by diminishing the angle between the two faces of the 
strip ; but there are many points connected with its use which 
would be too long to describe in this paper. 

As a rule three Daniell elements will be found quite suffi- 
cient ; and even this weak force is so exquisitely sensitive that 
it will find out the smallest fraction of difference in weight or 
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structure of metals. Thus two silver coins such as a shilling, 
both quite new, and both apparently of the same weight, will 
be found to possess a difference of weight which the instrument 
at once indicates. 

The following experiments will show its exceeding sensitive- 
ness and its wide field of usefulness as an instrument of research. 

I. If we introduce into one pair of the induction-coils any 
conducting body, such as silver, copper, iron, &c., there are 
set up in these bodies electric currents which react both upon 
the primary and secondary coils, producing extra currents 
whose force will be proportional to the mass and to its spe- 
cific conducting-power. A miligramme of copper or a fine 
iron wire, finer than the human hair, can be loudly heard and 
appreciated by direct measurement, and its exact value ascer- 
tained. We can thus weigh to an almost infinitesimal degree 
the mass of the metal under examination: for instance, if we 
take two English shilling pieces fresh from the Mint, and if 
they are absolutely identical in form, weight, and material, 
they will be completely balanced by placing one each in the 
two separate coils, provided that for these experiments there 
is an adjustable resting-place in each pair of coils, so that each 
coin may lie exactly in the centre of the vacant space between 
the primary and secondary coils. If, however, these shillings 
are in the slightest degree worn, or have a different tempera- 
ture, we at once perceive this difference, and, if desired, 
measure it by the sonometer, or by lifting the supposed 
heaviest coin at a slight distance from the fixed centre line: 
the amount of degrees that the heaviest coin is withdrawn 
will show its relative mass or weight as compared with the 
lightest. I have thus been able to appreciate the difference 
caused by simply rubbing the shilling between the fingers, 
or the difference of temperature by simply breathing near the 
coils; and in order to reduce this sensibility within reasonable 
limits, I have only used in the following experiments 100 
metres of copper wire to each coil, and 3 cells of battery. 

II. The comparative disturbing value of disks of different 
metals, all of the same size and form of an English shilling, 
and measured in millimetre-degrees, by the sonometer, is the 
following :— 
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Silver (chemically pure) ...... ....... . 125 
Gold 5j iyi. GERENS 117 
Silver (coin) ............- T —Á— € 115 
Aluminium. 42:5: 9 6 ege sona sea eU 112 
en I A. 100 
Vc T 80 
Bronze 2e xA e POP g eura NEP ae eos 16 
Temere Sob digi asses ssinnsongaeaes 14 
Iron (ordinary)................... eere 52 
German silver ........... eese eene 90 
Iron (chemically pure).................. 45 
Copper (antimony alloy) .............- . 40 
Ledd sasvilatieséesoss Sedo Mam Pee Vous 38 
Anlimony «.cccavecsecsecersecesceserscoens 35 
Mercury coccsssossccceeovcccccvecccessors 30 
Sulphur (iron alloy)..................... 20 
Insmutliaseéseuea sens sea Passe a CER SS Eius 10 
Zinc (antimony alloy) .................- 6 
Spongy gold (pure) ........... scenes 3 
Carbon (gas)...scscessescssee erre us 2 


IIT. It will be seen from the above that the instrument 
gives very different values for different metals or alloys ; con- 
sequently we cannot obtain a balance by employing two disks 
of different metals, and the instrument is so sensitive to any 
variation in mass or matter that it instantly detects the dif- 
ference by clear loud tones on the telephone. If I place two 
gold sovereigns of equal weight and value, one in each coil, 
there is complete silence, indicating identity or equality be- 
tween them ; but if one of them is a false sovereign, or even 
gold of a different alloy, the fact is instantly detected by the 
electrical balance being disturbed. The instrument thus 
becomes a rapid and perfect coin-detector, and can test any 
alloy, giving instantly its electrical value. The exceeding 
sensitiveness of this electrical test I shall demonstrate by ex- 
periment, now. gain,as regards coins, it resolves an almost 
magical problem. Thus, if a person puts one or several coins 
into one pair of coils, the amount or nominal value being un- 
known to myself, I have only to introduce into the opposite 
coils different coins successively, as I should weights in a 
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scale, and when perfect balance is announced by the silence, 
the amount in one box will not only be the same nominal 
value but of the same kind of coin. 

IV. We find, by direct experiment with this instrument, 
that the preceding results are due to electric currents induced 
by the primary coil, and that it is by the reaction of these 
that the balance is destroyed; for if we take an insulated 
spiral disk or helix of copper wire with its terminal wires 
open, there is no disturbance of the balance whatever, not- 
withstanding that we have introduced a comparatively large 
amount of copper wire; but on closing the circuit the balance 
is at once very powerfully disturbed. 

If the spiral is a flat one, resembling a disk of metal, and 
circuit closed, we find that loud tones result when the spiral 
is placed flat, or when its wire is parallel to those on the coils; 
but if it is held at right angles to these wires, no sound what- 
ever is heard, and the balance remains perfect. The same 
thing occurs with disks of all non-magnetic metals, and a disk 
of metal placed perpendicular to the coils exerts no influence 
whatever. The contrary result takes place with a spiral of 
iron wire or disk of iron: the induced current circulating in 
the spiral is at its maximum when the spiral lies flat or parallel 
with the coils, giving no induced current whatever when at 
right angles; but the disturbances of the induction-balance are 
more than fourfold when perpendicular to the wires of the 
coils than when parallel with the same. This result is simply 
due to the property of magnetic bodies, of conduction of mag- 
netism. 

V. If we introduce a disk of metal gradually into the 
coils, we find that its power increases as the square of the 
distance, until it arrives at its maximum exactly in the centre 
of the vacant space between each pair of coils, diminishing 
rapidly in the same ratio if the disk be moved towards primary 
or secondary. Thus, in the interior of the coils there is but a 
single line of maximum force ; but at the exterior we have 
on each coil two maxima and one minimum, the first and 
most powerful maximum being in the centre of vacant space 
between each pair of coils, coinciding with the maximum 
lines of force of the centre of the coils ; the minimum lines of 
force are exactly in the exterior centre of each coil, again 
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rapidly rising to a maximum near the exterior edge of coils, 
and gradually diminishing in power from this point. 

If we place exteriorly a bar of metal in the centre line of 
vacant space, we tind that it has here its maximum disturbing 
power, giving out loud sounds. 

If we now move this bar until it rests on the centre of 
either coil, we find that at this point the bar has no disturbing 
effect whatever, and although the coils at its maximum line 
of force are sensitive to the finest iron wire, a very large mass 
of iron or a rod of 1 centimetre diameter has no disturbing 
effect whatever. Its paralyzing effects are so remarkable, that 
if we place a flat piece of iron or other metal across the maxi- 
mum line of force, where loud sounds are given out, the 
instant that this flat piece is moved, so that one or both edges 
touch or end in the minimum line of force, it becomes in- 
stantly nentralized, giving out no sound whatever, notwith- 
standing that a large mass of metal lies in the maximum line 
of force. We will now demonstrate by experiment the ex- 
ceeding sensitiveness of the induction-balance to the smallest 
piece of metal, if it is in the maximum line of force, and no 
part of it touching the minimum ; and also that by allowing 
either or both ends of this or a very large piece of metal to 
cut or end at the minimum lines of force, complete paralysis 
and consequent silence are produced ". 

VI. There is a marked difference of the rapidity of action 
between all metals, silver having an intense rapidity of action. 
The induced currents from hard steel or from iron strongly 
magnetized are much more rapid than those from pure soft 
iron ; the tones are at once recognized, the iron giving out a 
dull, heavy smothered tone, whilst hard steel has tones ex- 
ceedingly sharp. If we desire to balance iron, we can only 
balance it by a solid mass equal to the iron to be balanced. 
No amount of fine wires of iron can balance this mass, as the 
time of discharge of these wires is much quicker than that of 
a larger mass of iron. Hard steel, however, can be easily 
balanced not only by steel but by fine iron wires, and the 
degree of the fineness of these wires required to produce a 
balance gives a very fair estimate of the proportionate time 


* This was fully demonstrated to the audience by numerous experi- 
ments. 
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of discharge. The rapidity of discharge has no direct relation 
with its electrical conductivity ; for copper is much slower than 
zinc, and they are both superior to iron. 

We find that the induction-balance is exceedingly sensitive 
to all molecular changes which take place in all metals sub- 
jected to any of the imponderable forces, Thus we have 
already by its aid studied the effects on metals of heat, 
magnetism, electricity, &c., and of mechanical changes such 
as strain, torsion, and pressure ; and I propose in some future 
paper to describe the remarkable results already obtained, and 
to demonstrate by experiment today to the Physical Society 
the results of these forces upon the induction-balance. 


XIII. Note on the Examination of certain Alloys ly the Aid of 
the Induction-balance. By W. CHANDLER RoserrTs, F.R.S., 
Chemist of the Mint. 


(Plate XIII. 


SoME weeks since, Prof. Hughes showed me that equal 
volumes of various nictals give widely different indications 
with the induction-balance. It appeared probable that a 
careful examination of a definite series of alloys would prove 
to be of interest; and as Prof. Hughes at once gave me the 
most generous assistance, teaching me the manipulation and 
controlling the results, I am able to submit the following ob- 
servations to the Society. © 

The relative values of different metals as indicated by the 
induction-balance were given by Prof. Hughes in a paper read 
before the Royal Society on the 15th of May last. They do 
not accord with the values usually accepted as representing 
the relative conductivity of the respective metals; and this 
being the case, it became important to ascertain what relation 
the indications given by alloys, when under the influence of 
the induced current, bear to their electric conductivities, which 
afforded Matthiessen a basis for dividing them into groups *. 

A series typical of each group was therefore taken ; the con- 
stituent metals were melted together in the requisite propor- 
tions ; and the thoroughly mixed alloys were carefully rolled 


* British Association Report, 1863, p. 37. 
VOL. III. H 
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to a uniform thickness, usually 1:3 millim. Disks 24 millims. 
in diameter were then cut with the same punch; and these 
disks were placed in succession on one side of the balance, so 
that their bases lay exactly on a line midway between the pri- 
mary and secondary coils, this having been found to be the 
plane of maximum force, The respective values of the alloys 
were ascertained either by introducing the sonometer into 
circuit, or by superposing a graduated wedge-shaped scale of 
zinc over the opposing coil of the balance, as has already been 
explained by Prof. Hughes, 

The alloys of Lead and Tin were selected as an example of 
Matthiessen’s first group. The results are recorded in the fol- 
lowing Table, and are graphically indicated in the curve No. 1, 
Plate VI. The readings are those of the zinc scale*. 

The Gold-Silver alloys, representing the second group, pre- 
sented no difficulty of manipulation; and the observations 
were made on disks 1°3 millim. thick and 24 millims. in dia- 
meter. The results are given in the Table and in curve 
No. II, 

The alloys of Tin and Copper, taken as representative of 
the third group, are peculiar. Their tints and fractures are 
widely different; and the series is interesting as having various 
industrial applications. As many of them are too brittle to roll, 
a block of each alloy 18 millims. square by 7 millims. thick 
was formed with the file. The results are given in the Table 
(p. 91) and on the curve No. III. 

If the curves for Lead-Tin and Gold-Silver are compared 
with those given by Matthiessen f for the same alloys, their 
similarity will at once be evident. On the other hand, the 
induction-balance curve of the Tin-Copper series, while bear- 
ing some general resemblance to Matthiessen’s curve of con- 
ductivity, differs essentially from it in certain parts. Mat- 
thiessen’s curve falls rapidly from 93 (the conductivity of 
pure copper) to 9 (that of the alloy containing 85 rolumes 
per cent. of copper). It then passes horizontally in a line which 
is approximately straight to 13, the conductivity of Tin. 


* The use of a scale of greater accuracy than the one employed may 
slightly alter some of the figures, but it can hardly change the general 
nature of the curves. | 

t Op. cit. p. 40, and Watts’s Dictionary of Chemistry, vol. iii. p. 943. 
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Percentage Approrximato 
No. composition. rm 

1.| 100  (puretin). 

2. 7131 Sn, Pb 
g| 3. 69-00 8n, Pb 
414 53:20 Sn, Pb 
H1 5. 36:30 Sn Pb 
“| 6. 22-30 Sn Pb, 
| 7. 12:50 Sn Pb, 

8. 8°60 Sn Pb, 

9. O (pure lead). 

]. 100 (pure silver). 

2. 99:97 

3. 99-90 

4. 99:50 

5. 99-10 

.16 98:02 

Sb Y. 94:93 

818 90-00 

$19 81-10 Ag, Au 

& |10. 68°70 Ag, Au 

3 | 1l. 52:30 Ag, Au 

@ | 12, 35-50 Ag Au 
13. 21°50 Ag Au, 
14. 12-00 Ag Au, 
15. 8:30 Ag Au, 
16. il 
17. O (pure gold). 

1.| 100 ure copper). 

2. 89-00 E EP Sn Cu,, 

8. 84:293 Nn Cu,, 
we | + 79:02 Sn Cu, 
gg | 5. 7291 Sn Cu, 
4j 9 68-28 Sn Ou, 
E 7. 65:00 
518 61-79 Sn Cu, 
© | 9. 51:81 Sn Cu, 

10. 34°99 Sn Cu 

l1. 9773 Sn, Cu 

12. O (pure tin). 


Note.—The Alloys were not ry ; and the temperature was about 
15? C. 


Some light would appear to be thrown on the difference 
between the two curves by the work of M. Alfred Rich* on 
He showed that 
copper and tin contract in alloying, the contraction being 
regular from pure tin up to the alloy containing 38 per cent. of 
tin, the density of which is higher than that of pure copper. 


ihe density of alloys of copper and tin. 


Readings on 
Induction- 


balance. 


67-5 
62:0 
590 
525 
51-0 
470 
45°0 
460 
43:0 


225 
209 
205 
192 
170 
148 
115 


—M 


* Ann. de Chimte et de Phys. tome xxx. 1873. 
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M. Rich’s experiments were conducted on alloys both in the 
form of powder and ingots; the latter have alone been given 
in the curve marked with his name on the Plate; and the rela- 
tion between the two curves, especially at the points a, a’, b, 
b’, is too evident to need comment. 

It may ultimately prove that if the alloys were rolled or com- 
pressed the curve would be modified; and, on the other hand, 
further experiments on the conductivity of the alloys may 
reveal points of identity between the conductivity and induc- 
tion-balance curves; the part where the former from being 
vertical becomes horizontal would be especially worth exami- 
nation. It may be well to point out that the alloys SnCu; 
and SnCu,, which occupy critical positions on the induction 
curve, have been shown by M. Rich to be singularly free from 
the disturbing influence of liquation. 

The work would appear to be interesting as showing that 
the induction-balance may afford a simple means for detecting 
variations in the molecular structure of alloys and for indica- 
ting allotropy in metals with greater accuracy than has hitherto 
been possible. 

Practical application.—The possibility of ascertaining the 
standard fineness of alloys by the aid of electricity long ago 
occupied the attention of physicists. In 1823 M. Becquerel* 
suggested that trustworthy indications might be afforded by 
the electromotive force developed when the alloy is placed in 
an exciting fluid, together with an alloy of known composition. 
The subject was partially investigated by CErsted in 18281; 
and as its practical importance was further indicated by Gay- 
Lussac in 18301, I made a series of experiments in order to 
ascertain how far the more delicate appliances in use at the 
present day could be made available. The results, however, 
were not entirely satisfactory. 

Prof. Hughes’s Induction-balance rendered it possible to 
resume the research on a new basis. It is only necessary to 
glance at such a curve as that of the Gold-Silver series No. II. 
to be satisfied of the probability that certain parts of it, at least, 


* Ann. de Chimie et de Phys. t. xxiv. p. 343 (1823). 

t Ibid. t. xxxix. 1828, p. 274. 

] Instruction sur l Essai des Matières d Argent par la Voie Humide. 
Paris, 1820. 
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would indicate minute differences of standard. I would there- 
fore direct special attention to the series of alloys which lie 
between pure silver and silver alloyed with 5 per cent. of 
gold. These are shown in a separate curve, where the scale 
of percentages is more extended. Such alloys as Nos. 2 to 6 
are known to refiners as doré; and No. 2 contains less 
than 2 grains of gold to the pound troy, a quantity which 
could not be extracted with profit by the ordinary operation of 
“ parting.” Small as the amount of precious metal is, its 
presence is clearly indicated on the induction curve, as are 
also the larger amounts of gold contained in Nos. 3-5. 

Experiments are in progress on other series which promise 
to afford trustworthy indications; but of course the establish- 
ment of a method of verifying the composition of alloys of 
the precious metals must in part depend on the degree to which 
the presence of traces of foreign metals influence the accuracy 
of the results. 

My object in these notes is not to insist on any particular 
application, but to bear testimony from a metallurgical point 
of view to the delicacy and simplicity of the instrument 
which Prof. Hughes has placed at our disposal; and I would 
offer him my sincere thanks for the liberal aid he has so readily 
given me. 


XIV. On Professors Ayrton and Perry’s new Theory of the 
Earth's Magnetism, with a Note on a new Theory of the 
Aurora. By H. A. Rowuann, Professor of Physics in the 
Johns Hopkins University". 


SoME years ago, while in Berlin, I proved by direct expe- 
riment that electric convection produced magnetic action ; 
and I then suggested to Professor Helmholtz that a theory of 
the earth’s magnetism might be based upon the experiment. 
But upon calculating the potential of the earth required to 
produce the effect, I found that it was entirely too great to 
exist without producing violent perturbations in the planetary 
movements, and other violent actions. 

I have lately read Professor Ayrton and Perry's publication 


* Read June 29th. 
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of the same theory; and as they seem to have arrived at a 
result for the potential much less than I did, I have thought 
it worth while to publish my reasons for the rejection of the 
theory. 

The first objection to the theory that struck me was, that 
not only the relative motion but also the absolute motion 
through space of the earth around the sun might also produce 
action. And to this end I instituted an experiment as soon as 
I came home from Berlin. | 

I made a condenser of two parallel plates with a magnetic 
necdle enclosed in a minute metal box between them; for I 
reasoned that, when the plates were charged and were moved 
forward by the motion of the earth around the sun, they would 
then act in opposite directions on the enclosed needle, and so 
cause a deflection when the elecirification of the condenser 
was reversed. On trying the experiment in the most careful 
manner, there was not the slightest trace of action after all 
sources of error had been eliminated. | 

But the experiment did not satisfy me, as I saw there was 
some electricity on the metal case surrounding the needle. 
And so I attacked the problem analytically, and arrived at the 
curious result that if an electrified system moves forward with- 
out rotation through space, the magnetic force at any point is 
dependent on the electrical force at that same point—or, in 
other words, that all the equipotential surfaces have the same 
magnetic action. Hence, when we shield a needle from elec- 
trostatic action, we also shield it from magnetic action. 

This theorem only applies to irrotational motion, and as- 
sumes that the elementary law for the magnetic action of 
electric convection is the same as the most simple elementary 
law for closed circuits. Hence we see that, provided the earth 
were uniformly electrified on the exterior of the atmosphere, 
there would be no magnetic action on the earth's surface duo 
to mere motion of translation through space. 

In calculating the magnetic action due to the rotation, I have 
taken the most favourable case, and so have assumed the earth 
to be a sphere of magnetic material of great permeability, p. 
It does not seem probable that it would make much difference 
whether the inside sphere rotated or was stationary ; or at 
least the magnetic action would be greatest in the latter case ; 
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and hence by considering it stationary we should get the 
superior limit to the amount of magnetism. 

Let a be the radius of the sphere moving with angular velo- 
city w, and let ø be its surface-density in electrostatic measure, 
and n the ratio of the electromagnetic to the electrostatic unit 
of electricity. Then the current-function will be 


p=" wa? | sin 6d? = —~ wa? cos 0, 


Hence (Maxwell’s ‘ Treatise,’ § 672) the magnetic potential 
inside the sphere is 

_ 8mo 9 

= EN 5 war COS 0, 
and outside the sphere 


or the field is uniform. If the electric potential of the sphere 
on the electrostatic system is V, we may write 


2w 
F-an" 


which is independent of the dimensions of the sphere. 

In this uniform field in the interior of tho sphere, let a 
smaller sphere of radius a’ be situated ; the potential of its 
induced magnetization will be 


€ aspe 0 
kare r 
Hence the expression for ^d ndi for the space betwcen 
the two spheres will be 


MELLL qaem, 
and outside the electrified sphere it a be 


(QU 73 4—1\cos 0 
US : uc +2a ata) 5 


Let us now take the most favourable case for the production 
of magnetism that we can conceive, making a’=a and p=% ; 
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we then have 


1_ Wy, 0089 

U'z z Va a? 

which is the potential of an elementary magnet of magnetic 
moment 


w 
a Va’. 
n 


But Gauss* has estimated the magnetic moment of the earth to 
be 
3°3092 a? 


on the millimetre mg. second system. Hence we have 
V=3:3092 — 
w 


for the potential in electrostatic units on the mm. mg. second : 
system. In electromagnetic units it is thus 


2 
V,23:3092 ^; 
w 


and hence in volts it is this quantity divided by 10". 

As the earth makes one revolution in 23" 56’ 4", or in 
86164 seconds, we have 
k w= m 

86164 
and | 
n= 299,000,000,000f millims. per second. 


Hence the earth must be electrified to a potential of about 
41 x 10? volts 
in order, under the most favourable circumstances, to account 


* Taylor's Scient. Mem. vol. ii. p. 226. 

t From a preliminary calculation of a new determination made with 
the greatest care, and having a probable error of 1 in 1300. 

[ That this is not too great may be estimated from my Berlin experi- 
ment, where a disk moving 5,000,000 times as fast as the earth with a 
potential of 10,000 volts, produced a magnetic force of 555; of the earth's 
magnetism, 

5,000,000 x 10,000 x 50,000 = 2,500,000,000,000,000, 
which is of the same order of magnitude as the quantity calculated 
namely 61x 10!5, It can be seen that this reasoning is correct, because 
the formule show that two spheres of unequal size, rotating with equal 
angular velocity and charged to the same potential, produce the same mag- 
netic force at similar points in the two systems. 
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for the earth’s magnetism. This would be sufficient to pro- 

duce a spark in atmospheric air of ordinary density of about 
6,000,000 miles ! 

Professors Ayrton and Perry have only found the potential 

10* volts, or 400,000,000 times less than I find it. 

It was this large quantity which caused me to reject the 
theory; for I saw what an immense effect it would have in 
planetary perturbations; and I even imagined to myself the 
atmosphere flying away, and the lighter bodies on the earth 
carried away into space by therepulsion. And, doubtless, had 
not Professors Ayrton and Perry made some mistake in their 
calculation by which the force was diminished 16 x 10!5 times, 
they would have feared like results. 

For according to Thomson's formula, the force would be 
equal to a pressure outwards of 

2 
T= Sra? 
which amounts to no less than 
1,800,000 grms. 


per square centimetre! or 10,000 kil. per square inch! 
Such an electrostatic force as this would undoubtedly tear the 
earth to pieces, and distribute its fragments to the uttermost 
parts of the universe. If the moon were electrified to a like 
potential, the force of repulsion would be greater than the 
gravitation attraction to the earth, and it would fly off through 
space. 

For these reasons I rejected the theory, and now believe 
that the magnetism of the earth still remains, as before, one 
of the great mysteries of the universe, toward the solution of 
which we have not yet made the most distant approach. - 

In connexion with the theory of the earth's magnetism, I 
had also framed a theory of the Aurora which may still hold. 
It is that the earth is electrified, and naturally that the elec- 
tricity resides for the most part on the exterior of the atmo- 
sphere—and that the air-currents thus carry the electricity 
toward the poles, where the air descending leaves it—and 
that the condensation so produced is finally relieved by dis- 
charge. | 

The total effect would thus be to cause a difference 
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of potential between the earth and the upper regions of the 
air both at the poles and the equator. At the poles the dis- 
charge of the aurora takes place in the dry atmosphere. At 
the equator the electrostatic attraction of the earth for the 
upper atmospheric layers causes the atmosphere to be in un- 
stable equilibrium. At some spot of least resistance the upper 
atmosphere rushes toward the earth, moisture is condensed, 
and a conductor thus formed on which electricity can collect; 
and so the whole forms a conducting system by which the 
electric potential of the upper air and the earth become more 
nearly equal. This is the phenomenon known as the thunder- 
storm. 

Hence, were the earth electrified, the electricity would be 
carried to the higher latitudes by convection, would there dis- 
charge to the earth as an aurora, and passing back to the 
equator would get to the upper regions as a lightning dis- 
charge, once moro to go on its unending cycle. - I leave the 
details of this theory to the future. 

Baltimore, May 30, 1879. 


Appendi«.—Since writing the above, Professors Ayrton and 
Perry’s paper has appeared in full ; and I am thus able to point 
out their error more exactly. Their formula at the foot of 
page 406 is almost the same as mine; but on page 407, in the 
fourth equation, the exponent of n should be +4 instead of 
—4, which increases their result by about 600,000,000, and 
makes it practically the same as my own. 

Rotterdam, July 13th. 


XV. Notes from the Physical Laboratory of University College, 
Bristol. By Prof. SiLvANvs P. Tuompson, B.A., D.Sc.* 


I. On the Source of Sound in the Bell Telephone. 
THE question has been at various times and in sundry 
places discussed whether the sounds emitted by the Bell 
telephone, when used as a receiver of currents, are caused by 
molecular vibrations in the instrument, or are due to vibra- 
tions executed by the thin iron disk as a whole. The former 
* Read April 26, 1879. 
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theory appears to have been started by Professor Bell himself* 
in order to account for the transmission of speech by instru- 
ments having very thick iron diaphragms, and by the instru- 
ments having no diaphragms at all. This view has been also 
upheld by the Comte Du Moncel in several communications 
to the learned societies of France. The other view appears to 
have been first distinctly put forward by Mr. W. H. Preece, 
in introducing the telephone to the British Association at 
Plymouth in 18771 ; and it has for its most vigorous suppor- 
. ters M. A. Niaudet] and Colonel Navez, the latter of whom 
has replied more than once to points raised by M. Du Moncel. 
It is a view which appears also to be supported by the recent 
experiments of Professur Hughes. 

The evidence now to be adduced, though not absolutely 
conclusive on the point at issue, opens out several fresh points 
of interest. It consists, in brief, of the results obtained by 
applying to the field of the telephone the experimental method 
of studying the so-called lines of force, originally due to Gil- 
bert, and developed by Faraday. The details of the method 
followed by the present writer are identical with those de- 
scribed in his communication of June 23, 1878, * On Magnetic 
Figures," &c., and which consists in fixing permanently onto 
glass plates the figures obtained by iron-filings. 

The figures obtained by means of iron-filings were resorted 
to with the view of ascertaining whether the changes in the 
magnetic field of the telephone were sufficiently marked to 
account for the alleged motions executed by the iron diaphragm, 
or whether they were such as to give any support to the mo- 
lecular hypothesis. 

The first step was to investigate the field of a bar-magnet 
when one pole was placed near a thin iron diaphragm. 

It was known at the outset that a thin plate of magnetic 
matter might be magnetized in an enormous variety of ways. 
The magnetism might be distributed on the two faces, or in 
the manner known as lamellar ; or, instead, any two points in 


* A. Graham Bell, * Researches in Electric Telephony," Journ. Soc. 
Telegr. Eng. 1878, p. 414, vol. vi. 

t Rep. Brit. Assoc. 1877, Plymouth, p. 13, W. II. Precce, C.E., “On 
the Telephone." 

| Téléphones et Phonographes, p. 92. 
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the disk might be taken as conjugate poles; or any number 
of poles might be introduced ; or, as in the magnets of M. 
Duter, the magnetization might be radially distributed, the 
central portion having one polarity, the other polarity existing 
all round the circumference. De Haldat showed that a variety 
of irregular magnetizations might be produced by touching 
steel plates with the pole of a powerful magnet; and the pre- 
sent author also found analogous effects to be produced by 
passing currents through steel disks. It therefore became a 
matter of some interest to determine the character of the mag- 
netization of the telephone-disk. 

The figures exhibited two unsuspected features :—first, that 
when the diaphragm is larger than the end-face of the magnet, 
and even when it does not touch it, the distribution of the 
magnetism induced in the diaphragm is partially lamellar in 
character, partially radial. The central portion is magne- 
tized almost entirely normally to its plane ; the exterior por- 
tion is radially magnetized—a narrow annular region lying 
between these, in which the character of the magnetization 
is mixed. It was further observed that this neutral zone is 
of greater diameter when a larger magnet is employed, and 
that it enlarges also as the distance separating the magnet 
and the diaphragm is increased. It is more strongly marked 
as a region of separation between the central lamellar portion 
and the outer radially magnetized portion in the diaphragms 
of thin material than in those of thick. The position of this 
neutral annular zone is marked in fig. 1 (p. 101), which is 
a sectional diagram compiled from the figures produced by 
filings, by a point of flexure in one of the “ lines of force ” pro- 
ceeding from the pole towards the diaphragm. The second 
feature noticed was that some of the outermost lines of force 
ran round to the front of the disk, entering it very near its 
circumference. 

The next effect to be studied was that produced by the 
magnetic inductive action of a current traversing a coil of 
wire about the pole. For the convenience of obtaining the 
filing-figures upon glass plates but one turn of wire was em- 
ployed, passing through holes drilled in the glass, and situated 
as is the coil in the Bell telephone over the pole of the mag- 
net, the position arbitrarily found the most efficient in the 
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construction of that instrument. In almost all modern ele- 
- mentary treatises on electromagnetics it is shown that the field 
of a plane closed circuit is equivalent to that of a lamellar 
magnetic shell of equal strength, or one which has an equal 
number of lines of force passing through the area it occupies. 
The result of passing the current around the pole of the mag- 


Fig. 1. 


Fig. 2. 


Fig. 3. 


net will therefore be, so far as the field in the plane of the coil 
is concerned, to increase or diminish respectively the number 
of lines of force due to the magnet by the number of lines of 
force due to the closed circuit, according as the direction of its 
field coincides with, or opposes that of the magnet. But the 
action is not so simple on the regions of the field outside the 
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plane of the circuit. The direction as well as the number of 
lines of force may be altered, and this in a manner so complex - 
as almost to defy calculation, especially if the mutual induc- 
tion between this magnetic combination and the adjacent iron 
disk be taken into account. The figures obtained with filings 
when the current traversed the circuit in opposite directions 
(sce figs. 2 and 3) show that the lines of force proceeding 
outwards from the pole were in fact thus altered both in 
number and in direction, and that, in addition to strength- 
ening or weakening the field, the passage of tho current had 
the effect of apparently thrusting the lines of filings forwards 
towards the iron disk or backwards from it. Moreover the 
region separating the two separate distributions of magmetism 
on the diaphragm was shifted on the passage of the current ; 
being contracted in diameter when tho current reinforced the 
magnetism of the pole, becoming enlarged when it passed in 
the opposite sense. 

Knowing from the experiments of Joule and De la Rivo 
that a portion of iron, when magnetized in a particular direc- 
tion, grows longer in that direction and shorter in its trans- 
verso dimension, let us deduce what the effect will be on 
the diaphragm of a telephone of these two species of mag- 
netization. If the magnetization were radial, the tendency 
would undoubtedly be, supposing the disk clamped circum- 
ferentially, to thrust the middle point of the disk backwards 
towards the magnet, and to give it a conical shape. If the 
magnetization, on the other hand, were lumellar, the tendency 
would be to make the diaphragm thicker, and to contract it 
over the area thus magnetized. In the actual case where the 
magnetization partakes of both characters, the two distribu- 
tions being separated by a neutral zone, the tendency to each 
form would exist over the regions respectively affected. But 
the extent of these regions varies with the varying induction 
of the currents in the coil. Hence, while the total attraction 
varies, giving rise to oscillations of the diaphragm as a whole, 
the neutral annular line will also be continually shifting its 
position and predisposing the diaphragm to take up new nodal 
forms of vibration, thereby rendering the timbre corresponding 
to the complicated undulations of the currents arriving from 
the transmitter. 
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The result obtained may be regarded from another point of 
view, If aslight displacement of the iron disk, though unable 
to affect to any appreciable extent the strength of the magnetic 
field as a whole, alters its strength at any one point or in any 
narrow region, or if, even without altering the average num- 
ber of lines of force in any part of the field, such a displace- 
ment shifts the position of some of the lines of force across 
a narrow region of the field, it may still exercise a consider- 
able inductive action on a closed coil of wire lying in the 
region where the amount of shifting is greatest. For, since 
the induced electromotive force in a closed circuit is not pro- 
portional to the strength on an invariable magnetic field in 
which it lies, nor yet to all changes in its strength, but only 
to such changes as cause a greater or less number of lines of 
force to pass through the area within the closed circuit, it is 
evident that the inductive action will be strongest in coils of 
wire which lie in the region where there is most change in the 
direction of the lines of force. We have here the rationale of 
the empirical practice of the constructors of the telephone 
alluded to above—namely, that of using only a small coil of 
wire, and winding it upon a narrow bobbin placed upon the 
extremity of the magnet. 

Conversely, the passage of a very feeble current through a 
coil so placed will produce a greater change in the effective 
intensity of the magnetic field between the core and the dia- 
phragm than would be produced by the same current traver- 
sing a similar coil in any other region of the field; for here it 
has its greatest power to shift the position of the neutral zone, 
and to alter the distribution of magnetism in the diaphragm. 

It would therefore appear unnecessary to form an hypo- 
thesis of molecular vibrations in the disk to account for the 
emission of sounds by the instrument. Such vibrations do in 
fact exist; but their existence does not necessarily prove that 
they play any important part in the production of the sound. 
And it must be remembered that, so far as the disk is con- 
cerned, they take place within the narrow range of the extreme 
positions possible to the neutral annular zone. 

Two further experiments seem to confirm the conclusion 
derived from the foregoing observations. Ifa compound dia- 
phragm be used, consisting of concentric annuli of thin iron 
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fixed to a stretched membrane of paper, or if a small iron disk 
thus fixed be employed, asin Bell’s earliest experiment and in 
some of the experimental telephones of M. Niaudet, a curious 
timbre is thereby imported into the voices of speakers, though 
their enunciation is very distinct. A similar result is found 
to follow the employment of small thick diaphragms. In each 
of these cases the disposition favours the lamellar distribution 
of the magnetism. 

If, however, a compound diaphragm be employed, consisting 
of a number of radial pieces similarly fastened to a stretched 
membrane, tones are well rendered, but enunciation is not 
distinct. This result is also obtained when the diaphragm of 
iron is too large in proportion to its thickness. In these cases 
the greater part of the magnetism is radially distributed. 

Whenever a complete theory of the telephone is framed, 
these are points which must be taken into account. 


II. On a new Variety of Magnetic Figures. 


De Haldat showed that it was possible to produce magnetic 
writing upon asteel plate by actually writing with the pointed 
pole of a powerful magnet, the writing being invisible until 
fine iron-filings were dusted over the plate. In the Physical 
Laboratory of University College, Bristol, a small circular saw 
has been found to afford a plate of suitable thickness and 
quality to produce good results. The latent characters re- 
mained for eight months after being inscribed. 

While experimenting with these figures, it occurred to the 
author to try the effect of leading the current of a powerful 
battery into the plate and of writing on it with the other pole. 
This done, fine iron-filings were dusted over the plate; and on 
gently tapping it the writing became legible immediately. A 
small thin disk of steel which thus had a current passed through 
its centre exhibited afterwards a magnetism distributed in 
small concentric rings. 


III. On Magnetic Figures for Demonstration. 

For the production of magnetic figures filings of wrought 
iron are usually employed, though cast iron answers fairly. 
Finely powdered magnetic oxide is recommended by some 
writers, though it does not appear that its employment is 
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attended with any great advantage. Professor A. M. Mayer 
took special pains* to produce filings of even quality from 
speciallv prepared Norwegian iron; but he says nothing about 
the size of filings he found best suited for the purpose. Fa- 
raday made the remark f that “large and also fine filings are 
equally useful in turn." 

The author, desiring to obtain figures on a larger scale than 
usual, for purposes of class demonstration, used a number of 
small steel needles with success. In the case of thin elongated 
bodies such as these, the magnetic moment is great as com- 
pared with the mass; hence it was to be expected that filaments 
of fine soft iron wire would also yield a good result. Accord- 
ingly he had a quantity of fine iron wire gauze of 32 meshes 
to the inch cut to fragments. The filaments thus produced 
were scattered in the usual way by means of a pepper-box with 
perforated lid. The figures given by these filaments with 
large magnets possess very well-marked characters, and are 
decidedly superior to those made with ordinary filings. 


IV. On the Magnetic Behaviour of fixed Iron Filings. 

Having occasion to draw the attention of his students to 
the property of the lines of magnetic force as being at every 
point tangential to the position of a small freely-suspended 
magnet placed above them, the author, placing thus a small 
magnet over the filings fixed some time previously to glass, 
and from which the magnet producing them had been removed, 
noticed that they still retained their magnetic property. It 
then occurred to him to see whether they still possessed direc- 
tive force as a whole, and found that they appeared capable of 
attracting and repelling a lightly suspended needle. A figure 
produced by a single bar-magnet and fixed permanently to a 
slip of card by gum was suspended lightly upon a needle- 
point by means of a glass cap. It set itself in the magnetic 
meridian, and was found capable of being deflected on the ap- 
proach of a steel magnet. The fixed magnetic curves are 
therefore themselves magnets. 


V. Magnetic Figures of three dimensions. 
The writer has several times essayed to produce magnetic 


* Vide American Journal of Science, 1872. 
+ ‘Experimental Researches,’ vol. iii. p. 308. 
VOL III, J 
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figures of three dimensions. The difficulty in producing them 
arises from the weight of the iron filings when unsupported, 
as they must be when the whole figure does not lie in one ho- 
rizontal plane. With even the most powerful electromagnets 
the forms of the curves cannot be actually constructed in iron 
filings for more than a few millimetres length. 

Attempts to float iron filings are also difficult, as there is 
no transparent liquid nearly approaching the density of iron. 
The writer has tried heavy paraffins and strong solutions of 
mercuric iodide in potassic iodide. Better effects were ob- 
tained, however, when iron filings were employed which had 
previously been coated with shellac varnish, and which there- 
fore possessed greater buoyancy. The experiment is curious ; 
but the difficulty of seeing across the forests of lines of filings 
reduces the observation to one of curiosity only. 

Another process attempted consisted in plunging a small 
magnet into a soft paste of plaster of Paris and iron filings. The 
plaster shortly hardened ; and then sections were cut in various 
directions. The figures observed, however, were poor; and 
_ no observations were made of any additional interest as the 
result of the attempt. 


XVL The Distribution of Heat in the Visible Spectrum. 
By Sir Joun Conroy, Bart., M.A." 


IN a paper “On the Distribution of Heat in the Spectrum," 
originally published in the Philosophical Magazine for August 
1872, and since reprinted in a volume of ‘Scientific Me- 
moirs, Dr. J. W. Draper states the theoretical reasons for 
supposing that all the rays in the spectrum have the same heat- 
ing effect, in the following words :—“ A given series of waves 
of red light impinging upon an extinguishing surface will pro- 
duce a definite amount of heat; and a similar series of violet 
waves should produce the same amount; for though an undu- 
lation of the latter may have only half the length of one of the 
former, and therefore only half its vis viva, yet in consequence 
of the equal velocity of waves of every colour, the impacts or 
impulses of the violet series will be twice as frequent as those 
* Read June 28. 
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of the red. The same principle applies to any intermediate 
colour; and hence it follows that every colour ought to have 
the same heating effect.” 

Dr. Draper gives an account of some experiments he has 
made on the distribution of heat in the visible spectrum of 
sunlight. He finds that if the visible spectrum between A 
and H, be divided into two equal portions, and all the light of 
wave-lengths between 7604 and 5768 be collected together, 
and also all that of wave-lengths between 5768 and 3933, the 
heat-intensity of these two series of undulations as determined 
by the thermopile are equal. - 

The distribution of heat in the spectrum of sunlight had 
been previously experimentally investigated by Sir W. Her- 
schel (Phil. Trans. 1800, p. 255), J. Müller (Pogg. Ann. cv. 
p. 337), Franz (Pogg. Ann. cxv. p. 266), Knoblauch (Pogg. 
Ann. cxx. p. 177, and exxxvi. p. 66), Fizeau and Foucault 
( Comptes Rendus, xxv. p. 447, and reprinted in the Annales de 
Chimie, 5th series, xv. p. 363), Desains (Comptes Rendus, Ixvii. 
p. 297, and lxx. p. 985), Lamansky (Pogg. Ann. cxlvi. p. 200). 
Similar measurements were made with the limelight by Des- 
ains (loc. cit.) and Lamansky (loc. cit), and of the electric 
light by Professor Tyndall (Phil. Trans. 1866, p. 1). They 
all found but slight indications of heat in the violet and blue 
regions of the spectrum, the amount increasing in the green, 
yellow, and red, and attaining a maximum at a point beyond 
the end of the visible spectrum. 

The experiments were all made by lacing a thermometer 
(one of the ordinary construction being used by Sir W. Her- 
schel and MM. Fizeau and Foucault, and a thermopile and 
galvanometer by the other observers) in various parts of the 
dispersion-spectrum formed by prisms of either glass, rock-salt, 
or sylvine. As Dr. Draper points out in the paper already 
referred to, this method appears to be an essentially defective 
one, as, owing to the unequal dispersion by the prism of rays 
of different refrangibility, a greater number of undulations of 
different wave-lengths must have been incident upon the sur- 
face of the thermometer when it was placed in the red and yel- 
low portions of the spectrum than when placed in the green, 
blue, or violet portions; and the amount of heat indicated 
by the instrument being in proportion to the amount of radiant 

12 
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energy incident upon its surface, the unequal dispersion of the 
prism would be sufficient to account for some difference in 
the heating effects produced by different portions of the spec- 
trum. 

A graphical method appearing to afford the readiest means 
of determining the probable effect produced by the unequal 
dispersion of the prism, a tracing was made, on paper divided 
into squares of 415 inch, of the curve representing the intensity 
of the heat in different portions of the visible spectrum, as deter- 
mined by MM. Fizeau and Foucault (Ann. de Chim. 5 sér. xv. 
p. 977)—the position of the fixed lines in the spectrum, as 
given by them, being marked on one edge of the paper, which 
was taken as the z axis, and a scale of wave-lengths in “‘ tenth- 
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metres ” laid down at right angles to this, and the curve for 
the dispersion of the prism constructed in the ordinary manner. 
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At nineteen equidistant points in the spectrum the ordinates 
of the dispersion-curve were measured in wave-lengths; the 
difference between any two of them gave, approximately, the 
dispersion of the prism for that portion of the spectrum. A 
difference of wave-length of 100 was taken as the unit, and 
the difference between the values of the ordinates divided by 
100 considered as a measure of the dispersion. The ordinates 
of the heat-curve of MM. Fizeau and Foucault at eighteen 
points in the spectrum, midway between those at which the 
ordinates of the dispersion-curve had been taken, were mea- 
sured in tenths of an inch, these numbers divided by those 
representing the dispersive power of the prism, and the quo- 
tients taken as giving the true relative intensity of the heat at 
the different points of the spectrum. 


Ordinates of | Difference Ordinatee of B 
the disper- |divided by 100 | the heat-curve pu 


sion-curve. (s). (B). T 
7260 
6790 470 22°4 4-7—B. 
6320 470 19-0 4:0—C. 
6000 3:20 15:9 5:0 
5750 2-50 137 5°5—D 
5500 2:50 11:8 4^ 
5260 2-40 10:3 4'39—E 
5070 1:90 88 4:6 — 
4900 1:70 T5 44 p 
4760 1:50 62 4l 
4610 1:40 50 9:5 
4490 1:20 40 33 
4380 110 3'3 3:0 
4270 1:10 2:5 22—G 
4170 1-00 18 18 
4070 1-00 1:3 13 
4000 ‘70 10 1-4 
3930 th T 10—H. 


The Table shows that the numbers thus obtained for the 
intensity of the heat in different portions of the spectrum lie 
close together for the region between B and F, the maximum 
being near D, and that from F to H the intensity diminishes. 

It would further appear that the curve for the distribution 
of heat of MM. Fizeau and Foucault is in reality a dispersion- 
curve, drawn to some scale of wave-lengths, for the particular 
prism used by them; and the diagram shows how very similar 
the curves for the intensity of the heat and for the dispersion 
of the prism are to one another. 

The heat-curve reaches the z axis at a short distance on the 
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more refrangible side of H;, the wave-length of that line being 
3932. The axis was taken as 3900 on the scale of wave-lengths 
to which the curve is drawn, and therefore the ordinate of 
the curve at B, measured in tenths of an inch, as proportional 
to the difference between this number and the wave-length of 
B, and the height of the ordinates at the other lines calculated 
on this assumption. 


Measured. Calculated. Difference. 

Be ecsasises 2°10 

p 1:87 1:88 +°01 
Dosis c 1:34 1:41 07 
| ee ern "95 "97 02 
D: arci vee. 088 "90 02 
P lieve 63 "68 05 
O rerus 22 :29 07 


Mean difference ... +°04 

Considering the nature of the data, and especially the small 
scale of MM. Fizeau and Foucault’s diagram (the portion 
representing the visible spectrum being only about 4 inches 
long), the measured and calculated numbers agree fairly well 
together. 

The same process was applied to the curves given by La- 
mansky (Pogg. Ann, cxlvi. p. 200) for the distribution of heat 
in the solar spectrum, with flint-glass and rock-salt prisms. 


Flint-glass prism, Rock-salt prism. 
Ordinates of the Ordinates of the B 
heat-curve B heat-curve =. 
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Assuming the curves to be the dispersion-curves for the 
prisms, the ordinates were measured and calculated as in the 
former case. 


Flint-glass prism. Rock-salt prism. 
Measured. Calculated. Measured. Calculated. 
D isses 29:6 D «5s 18:8 
E ses 17:8 16:0 E tess 13:7 13:4 
b. sissies 15:4 14:6 E use 9:8 10:3 
P iraa 10:2 10:8 G sess 6:0 
Gacic 4:0 


In none of the other measurements that have been made of 
the heat-spectra, as far as I am aware, are the positions of the 
solar lines stated ; and therefore part of the data for eliminating 
the action of the unequal dispersion of the prisms is wanting. 

An attempt was made to deal with Knoblauch's measure- 
ments of the solar spectrum, and with Tyndall’s of that of the 
electric light, by the same method. 

In both cases the experiments were made with rock-salt 
prisms ; and these were assumed to have the same dispersive 
power as the one used by Lamansky, and the curve plotted 
accordingly. Two sets of measurements are given by Knob- 
lauch ; and the mean of these was taken for the following cal- 
culations. 


Knoblauch's measurements. ^ Tyndall's measurements. 
Ordinates of B Ordinates of B 
heat-curve =. heat-curve -~ 
8). . (8). : 
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01 - dadsos 4:0 15-2 1-1 
—À '6 


The nature of the available data is such that the only defi- 
nite conclusions which it is possible to draw from these calcu- 
lations are, that the distribution of heat in the normal spectrum 
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differs greatly from that in the dispersion-spectrum, and that 
in the dispersion-spectrum the great calorific intensity of the 
red rays, and therefore in all probability of the invisible rays 
beyond them, is due to the action of the prism in concentra- 
ting these rays upon the face of thethermopile. The intensity 
of the heat in the different portions of the normal spectrum, 
except in the case of Lamansky's measurements with the flint- 
glass prism, apparently varies but little through a considerable 
space; and this affords some support to Dr. Draper's hypo- 
thesis, that every colour ought to have the same heating effect. 

After I had finished these calculations, I found that G. 
Lundquist had investigated (Pogg. Ann. clv. p. 146), from 
Lamansky's measurements, the distribution of heat in the 
normal spectrum, and had shown that it differed greatly from 
the distribution in the dispersion-spectrum—the maximum 
intensity in the case of the flint-glass prism being near D, and 
in the rock-salt prism near E. He also found from Tyndall's 
measurements of the heat of the electric-light spectrum, that 
in the normal spectrum the maximum was near A. 

Lundquist arrived at these results by a mathematical pro- 
cess, based on the same general principles as the graphical 
one I have employed. 


XVII. Measuring Polariscopes. 
By Professor W. GRYLLS Apams, M.A., F.R.S.* 
[Plate XIV.] 


SoME four years ago the description of a new measuring 
polariscope was communicated by the author to the Phy- 
sical Society (see * Proceedings,' vol. i. p. 152), in which the 
advantages gained are an extensive field of view combined with 
accurate means of measuring the rings and the separation of 
the optic axes in biaxal crystals. The peculiarity of the in- 
strument consists in the arrangement of the two central lenses, 
one on each side of the crystal. These two lenses are plano- 
convex, very nearly hemispheres, and, with their flat surfaces 
inwards, form the two sides of a box to hold the crystal im- 
mersed in oil or a liquid; they are so placed that their convex 
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surfaces form portions of the same spherical surface. The 
crystal is placed in the box at the centre of curvature of the 
spherical surfaces of the two lenses. 

Two instruments have since been made on this principle 
with certain important modifications. In one, made by Mr. | 
Tisley for horizontal projection (Plate XXEV- fig. 1), the pola- iX Y | 
rizer is & Nicol's prism capable of giving a clear parallel 
beam of polarized light 24 inches in diameter; the middle 
portion of the instrument (i. e. the box with the two equal 
central lenses for its two opposite sides) has an opening at the 
top, into which the crystal to be measured is inserted, and is 
adjusted to its right position by a cup-and-socket motion. 
When the angle between the optic axes is to be measured, the 
instrument is placed with its axis horizontal, the crystal is 
placed with the plane of the optic axis vertical, the box and 
crystal together are then turned about a horizontal axis at 
right angles to the direction of the axis of the instrument, i. e. 
at right angles to the plane of the optic axes: thus either of 
the optic axes of the crystal may be made to coincide with 
the centre of the field of view, where the spider-lines cross one 
another, the angle through which the box is turned being 
measured to minutes by means of a circle attached to it and 
a vernier attached to the fixed stand supporting the instru- 
ment. 

A table-polariscope on the same principle has been made by 
Herr Schneider of Vienna, into which several important mo- 
difications have been introduced. A section and view of the 
instrument are shown in figs. 2 and 3. 

The light falls on a plane mirror A, and is reflected into the 
instrument (which is placed with its axis vertical) through the 
first lens B, which is fixed on the tube in which the polarizer 
C is placed. 

D, E, F, G, and H (fig. 2) are lenses through which the light 
passes ; and K isa Nicol's prism (the analyzer). This part of 
the instrument forms a complete table-polariscope of consider- 
able range. The Nicol's prism C and the lenses are supported 
each by means of two screws (shown in fig. 3), which may be 
moved upwards or downwards in two slots, and the lenses fixed 
in their proper positions. Between the plano-convex lenses E 
and F are the two central lenses L, M, two portions of a sphere, 
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between which the crystal to be measured is placed. The crystal 
should be immersed in oil. The setting of the lens L has a screw 
on its surface which fits into a screw in the setting of the other 
lens M, the arm supporting the lenses being a flat piece of 
metal one sixth of an inch thick, which is placed between them 
before they are screwed together. This arm, I, is supported 
by a stout crosspiece T, in the form of the arc of a circle which 
has its centre at the centre of curvature of the two lenses: the 
arc subtends nearly a right angle at the centre. It passes 
through and is supported by two guides P, Q, and has on its 
outer surface a rack which works with a small toothed wheel 
turned by the milled head N. 

On the upper face of the arm I is a train of toothed wheels, 
the setting of the lens M being provided with teeth, so that, by 
means of the milled head S on the outer wheel, the lenses and 
crystal may be turned about the axis of the instrument. 

The guides P and Q are attached to the face of a vertical 
circle which may be fastened by screws toa circular graduated 
rim R ; this rim is supported on and turns upon another fixed 
vertical circle, which is provided with verniers, so that the 
angle through which the rotating circle is turned can be mea- 
sured to one minute. The fixed circle is fastened to and car- 
ried by the piece of tubing holding the two lenses E and F, 
which is supported between the two pieces of tubing carrying 
the upper and lower lenses. 

In this instrument the crystal can be turned about each of 
three axes which are mutually at right angles to one another. 

I. By turning the vertical circle and tubing to which it is 
attached, the crystal is turned about the vertical axis of the 
instrument. 

II. By turning the train of wheelwork the crystal can also 
be turned about an axis passing centrically through the cen- 
tral lenses, and the plane of its optic axes may be brought into 
the desired position for measurement. 

III. By turning the arc T by means of the milled head 
N, the axis of the central lenses may be made to coincide 
with the axis of the instrument; the plane of the optic axes 
is then parallel to the vertical fixed circle, the crystal being 
turned by this motion about an axis bisecting the obtuse angle 
between the optic axes. 


ON A MODE OF PRODUCING ARAGO’S ROTATION. 115 


IV. By turning the graduated circle with the arc T and the 
arm I attached to it on the face of the fixed vertical circle (i. e. 
round a horizontal axis perpendicular to the plane of the optic 
axes), and reading the verniers on both sides of the circle, the 
angles between the directions of the optic axes may be accu- 
rately measured. 


XVIII. A Mode of producing Arago's Rotation. 
By W ALTER Batty, M.A." 
[Plates XV. & XVI.] 


ARAGO's method of producing rotation in a copper disk con- 
sists of suspending it by its centre so as to make it lie hori- 
zontally above the poles of a horseshoe magnet, and then 
rotating the magnet about a vertical axis. The rotation of 
the disk is due to that of the magnetic field in which it is 
suspended; and we should expect that if a similar motion of 
the field could be produced by any other means, the result 
would be a similar motion of the disk. 

Possibly the rotation of the magnet may be the only prac- 
ticable way of producing a uniform rotation of the field ; but 
it will be shown in this paper that the disk can be made to 
rotate by an intermittent rotation of the field effected by means 
of electromagnets. 

Suppose two magnetic poles to be below a plane sheet of a 
conducting substance capable of moving in its own plane. 
Each pole may be regarded as a small circular current parallel 
to the disk. The currents will be in the same or different di- 
rections according as the poles are of the same or different 
names. We will examine the effect of a change in the strength 
of either of the poles, in giving the sheet a tendency to move. 

There are four cases; viz.— 

1. Poles alike. Oneé increasing. 

"ECCE One diminishing. 

3. Poles unlike. One increasing. 

dae 35 One diminishing. | 

In case (1) the increasing pole induces in the portion of the 
sheet opposite to itself a circular current opposite in direction 
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to the currents representing the poles. Hence this portion of 
the sheet is repelled by both poles. The repulsion from the 
increasing pole is perpendicular to the sheet, and gives it no 
tendency to move ; but the repulsion from the other pole tends 
to move the sheet from the constant pole toward the one which 
is increasing. 

In case (2) the diminishing pole induces in the portion of 
the sheet opposite to it a circular currentin the same direction 
as those representing the poles; so that this pórtion of the 
disk is attracted by both poles, and the disk tends to move from 
the diminishing pole toward the one which is constant. 

In cases (3) and (4) it can easily be shown that the results 
are the opposite to those obtained in cases (1) and (2) respec- 
tively. 

If one pole increases while the other diminishes, both ten- 
dencies to move are in the same direction, and the resulting 
tendency is the sum of the two. 

The pole of an electromagnet made or broken is the extreme 
case of a pole increasing or diminishing. 

Now conceive an even number of vertical bar electromag- 
nets arranged in a circle with their upper poles in one hori- 
zontal plane, and a copper disk to be suspended above them ; 
and the two magnets at the extremities of each diameter to be 
coupled together, and with a battery, so that each such pair 
of magnets forms a horseshoe electromagnet independent of 
all the others. Let P, Q, R, S be pairs of magnets at the 
ends of successive diameters. Make P, and then make Q so 
that the north pole of Q is adjacent to the north pole of P, 
and therefore the south pole of Q adjacent to the south pole 
of P. Then by case (1) the portion of the disk opposite the 
north pole of P is driven towards the north pole of Q; and a 
similar action takes place at the south poles. Now break P. 
By case (2) the portion opposite the north pole of P is again 
driven towards the north pole of Q, and so with the south 
poles. Continuing the action by making R and then break- 
ing Q, making S and then breaking R, and so on, in each 
case making the adjacent poles similar, we get a series of im- 
pulses on the disk all tending to make it move in one direc- 
tion round the axis of suspension. Hence the disk will rotate 
as in Árago's experiment. 
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In one extreme case, viz. when the number of electromag- 
nets is infinite, we have the case of a uniform rotation of the 
magnetic field, such as we obtain by rotating permanent 
magnets. 

In the other extreme case the number of pairs of electro- 
magnets is reduced to two, and the number of batteries is also 
reduced to two. Let the poles of one pair of magnets be called 
a, a’, and those of the other b, b’. Then the arrangement of the 


pole as seen from above is y i and the successive states of 
these poles will be 


1. 2. 3. 4. 5. 6. 7. 8. 1. 
NN ON SN SO SS OS NS NO NN 
SS SO SN ON NN NO NS OS SS 


N, S, representing north and south poles respectively, and O 
representing that the pole is not magnetic. It appears that 
the change from 1 to 3 through 2 is nothing more than rever- 
sing aa’ ; and the change from 3 to 5 consists in reversing 
bi. Similarly we pass from 5 to 7 by reversing aa’, and 
again from 7 to 1 by reversing bb’. The whole process is 
thus shown to consist in reversing aa’ and bb’ alternately. 

In passing from 8 to 1 we see by case (1) that the parts of 
the disk over b, b’ are respectively repelled from a, a’; and by 
case (3) we see that the same parts are respectively attracted 
to a/,a. Again in passing from 1 to 2 we see by case (2) 
that the parts above a, a’ are respectively attracted by b,b’; 
and we also see by case (4) that the same parts are respoc- 
tively repelled by 0’ b. 

The effect of each of these two changes is to make the disk 
tend to rotate in the direction ab a'U/. All the other changes 
may be shown to have the same effect ; so that the disk will 
rotate in the direction a b a’ b’. 

If starting with the state (1) we reverse b% first, we should 
have the series of states as follows :— 

l. 2: 3. 4. 5. 6. 7. 8. 1. 
NN NO NS OS SS SO SN ON NN 
SS OS NS NO NN ON SN SO SS 
from which it may be easily shown that the disk would rotate 
in the direction bal’ a’. 
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The experiment with the four electromagnets may be readily 
performed by means of a commutator which will reverse the 
currents several times in a second ; and a considerable rotation 
can be given to the disk. 

The commutator which I constructed for the experiment 
consisted of a wheel of wood with a brass rim. This rim was 
completely cut through in places equidistant from each other ; 
and ten tongues of thin copper pressed against the rim". 
These tongues were in two groups of five ; and in each group 
the distances between the contacts of the tongues with the rim 
were half the distances between the cuts in the rim. The dis- 
tance between the two groups must be greater than the dis- 
tance between the contacts. 

Let A be a wire from the positive pole of one battery, 
and A’ A" be wires from the negative pole of the same battery; 
B a wire from the positive pole of the other battery, and B’ B” 
wires from the negative pole; and let aa’ be the ends of the 
coil round one pair of electromagnets, and b b’ the ends of the 
coil round the other pair. In the figures 1 to 4 the wheel is 
seen in four consecutive positions, with the tongues in contact 
with it ; and the letters show with what wire each tongue is 
connected. 

The contact of two tongues with the same section of the 
ring puts the wires to them into electric connexion. 

The connexions are, in 

Fig.l. Aa, A'd, Bb, Bb’, 
Fig.2. Ada’, A"a, Bb, BY, 
Fig. 3. Aa’, A” a, BV, B"b 
Fig.4. Aa, A'a, BV, B"b 
Fig. 1l. Aa, A'd, Bb, Bv. 


Hence in passing from fig. 1 to fig. 2 the current through 
aa’ is reversed; in passing to fig. 3 that through JD’ is re- 
versed. The current through aa’ is reversed again in passing 
to fig. 4, and that through bb’ is reversed again in passing to 
fig. 1. The commutator is thus seen to reverse each pair of 
magnets twice while rotating through the angle subtended by 
one division of the rim ; so that with eight divisions one turn 
of the wheel reverses each pair of magnets sixteen times. 

* The number of cuts must not be less than seven. I used eight cuts. 
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If the wheel is rotated in the opposite direction, the series 
of magnetic states is obtained in the reverse order, and the disk 
rotates in the opposite direction. But there is a better me- 
thod of reversing the motion of the disk—which is, to introduce 
an ordinary commutator into one of the circuits, either between 
the battery and the wheel, or between the wheel and the mag- 
nets. The reversal of this commutator reverses the motion, 
while the wheel is rotated continuously in one direction. 
Fig. 5 gives the arrangement of the connexions. A,B are 
the batteries; a, a’, b, b’ the electromagnets ; C the ordinary 
commutator ; and D the wheel. 

It should be noted that the rotation of the disk is accom- 
panied by the formation of induced currents whose intensity 
depends on the velocity of rotation, and whose effect is to di- 
minish the rotation. These opposing currents are got rid of 
when the disk is suspended as a torsion-balance, and its deflec- 
tion observed, as the currents will not be formed except when 
the disk is moving. 

The effect on the disk might be much increased by placing 
four other electromagnets above the disk, each opposite one of 
the lower magnets, as connected with it, so that the lower pole 
of the upper magnet should be of the opposite name to the 
upper pole of the lower magnet. In fig. 6 one pair of mag- 
nets is shown with the opposite pair, and the wires connecting 
them. The disk is seen in section, balanced on a needle-point, 
between the two pairs of magnets. The other four magnets 
are not shown in the figure. 
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- XIX. On the Conjugate Positions of two Circular Coils of 
Wire. By W. GRANT, Assistant in the Physical Labora- 
tory, University College, London *. 

[Plate XVII.] 


WHILE recently engaged on some experiments on induc- 
tion, I observed certain circumstances which I had not be- 
fore noticed, and which seemed deserving of further atten- 
tion. I was therefore led to inquire a little more closely 
into these matters; and although the investigation is by no 
means full or complete, I have obtained one or two results 
which I thought I might venture to lay before the Physical 
Society. The apparatus used in these experiments consisted, 
as at first arranged, of two coils of copper wire, one of which 
was connected in circuit with a battery of three Leclanché 
cells, and with a microphone which was actuated by a watch, 
while the other was connected with a telephone, in order that 
the induced currents, while passing through it, might render 
audible the beating of the watch which was used as the source 
of sound. 

A modification of this arrangement was afterwards tried, 
a Grove's battery of twelve cells being substituted for the 
Leclanché battery, and a key being used for making and 
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breaking the circuit. This was done in order to obtain 
greater inductive effects between the coils than could be ob- 
tained from the variations in the strength of the current which 
were caused by the action of the microphone. It was found, 
however, that with a little care in the adjustment of the coils, 
one cell gave sensibly as great an effect in the telephone as 
twelve cells; in subsequent experiments, therefore, the Grove’s 
battery was discarded, and that of Leclanché again re- 
sorted to. 

Now if two similar coils, connected as above described, 
are arranged with their planes parallel and their axes coin- 
cident, it is found that they may be separated to a considerable 
distance before the sounds which are heard in the telephone on 
making and breaking the circuit are obliterated. But it is 
also found that if the planes of the coils are kept parallel, the 
one in connexion with the telephone (that is, the secondary 
coil) may be placed in certain positions in the neighbourhood 
of the primary coil, and even in contact with it, without 
sounds being heard in the telephone. This happens when 
the mutual inductive effect between the two coils becomes 
zero; and when they are so placed as to fulfil this condition, 
they are said to occupy conjugate positions relatively to each 
other. 

With the first arrangement of apparatus it was possible to 
place the coils so as to get complete silence in the telephone. 
With the powerful current from twelve Grove’s cells and the 
key for making and breaking the circuit, however, the silence 
is not absolute; but in the positions which give a minimum 
of sound the sound is very faint, being just audible and no 
more. This faint sound may perhaps be accounted for partly 
because the different convolutions of wire in the secondary 
coil experience slightly different inductive effects from the pri- 
mary one, and partly because it is difficult to adjust the posi- 
tions of the coils with any great degree of accuracy without 
having special arrangements for the purpose. 

Now it was found that the various conjugate positions in 
which the secondary coil could be placed in the neighbourhood 
of the primary one were situated in a path along which it 
could be moved either towards or away from the primary 
- coil without sounds being heard in the telephone, but that 
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with a slight deviation from this path to either side the sounds 
were again heard. 

In order to ascertain whether the direction of the currents 
in the secondary circuit was reversed when the coil was 
moved from one side of the path to the other, a delicate re- 
flecting galvanometer was substituted for the telephone, and 
the position of the coil so adjusted that on making and break- 
ing the circuit no deflection of the galvanometer was observed. 
The coil was now moved slightly away from this position, say, 
towards the right ; and the direction of the deflection of the 
galvanometer on making contact was noted, that on breaking 
being, of course, in the opposite direction. The coil was now 
moved towards the left to the other side of the path, and 
the direction of the deflections again observed; and it was 
found that they were now reversed. We may therefore infer 
that this path (which, if it could be fully traced, would of 
course constitute a surface of revolution about the axis of the 
primary coil) divides space into two regions, in one of which 
the inductive action of the primary coil has the opposite di- 
rection to what it has in the other. 

This path appeared to be slightly curved ; and it seemed as 
if a part of it might very readily be traced. The part which 
appeared to be best suited for this purpose was that along 
which the secondary coil has to pass while being moved away 
from contact with the primary one parallel to it to a position 
at some distance from it, as here the inductive effect is 
greatest, and therefore any deviation of the coil from the 
proper position in the path is most easily detected. As the 
coils are further separated, however, the position of the path 
becomes more difficult to trace, until at last we lose it 
altogether. 

In order, then, to trace a curve which would represent this 
path, it was necessary to find several points in it whose posi- 
tions could afterwards be accurately laid down. This was 
done by fixing the secondary coil in several positions succes- 
sively and determining the position of a certain point in it 
with relation to certain fixed objects, by measurements which 
were afterwards used as abscisse and ordinates in tracing the 
curve. These measurements were taken in inches ; and their 
values are given in the annexed Table, where the columns 
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headed x and y are those of abscissz and ordinates respec- 
tively. 


z | y pos y. 
0:625 | 40 4:5 T5 
1:0 4:19 50 8:12 
15 4:56 55 8°75 
20 5:0 6:0 9:37 
2:5 55 6:5 100 
3-0 5O4 | 70 1062 
3:3 6:44 T5 11:25 
40 70 8:0 11:87 


No special arrangement was used to adjust the parallelism 
of the coils, and only one measurement was taken for each 
number; hence the irregularity in the increase of the ordi- 
nates. The point whose position was determined in each case 
was the centre of the plane of the secondary coil; and that is 
the point which is situated in the curve when silence is main- 
tained in the telephone. 

The curve (Pl. XVII.) is that found in this way; and it repre- 
sents the path which the selected point of the coil has to follow 
in order that silence may be maintained in the telephone. C, 
and C, are sections of the primary and secondary coils respec- 
tively ; C^; and C^, represent the secondary coil in two other 
conjugate positions. The lines A, A and P, P represent the 
axis and plane of the primary coil. The points a, 5, c, &c. 
are the intersections of the abscisse and ordinates, and repre- 
sent the successive positions occupied by the selected point of 
the secondary coil when the measurements were taken by 
means of which the curve was traced. As the coils became 
further separated, however, the position of the curve became 
less distinct ; and so no attempt was made to trace it further. 

If, now, we suppose the curve to rotate round the axis of 
the primary coil, a surface will be generated of which it is a 
section ; and if we observe the conditions necessary for placing 
the secondary coil in the curve in the proper position for 
silence, we may place it in any part of the surface with a like 
result. 

The reason why we are enabled to trace a curve in this way 
will be found by referring to the lines of force due to a cir- 
cular current. These lines are represented by closed curves 
surrounding the section of the wire through which the current 
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flows ; and they are given in Prof. Clerk Maxwell’s work ‘ On 
Electricity and Magnetism,’ vol. ii. pl. 18. If we draw tan- 
gents to them parallel to the plane of the circular current, it 
will be found that the points where they touch are situated in 
a curve somewhat similar to that which we have found by ex- 
periment. The two curves, however, will not be found to 
coincide exactly, except in the case where the secondary coil 
does not enclose a space—that is to say, when its diameter is 
infinitely small. With respect to the curve drawn through 
the points of contact of the tangents to the lines of force, it | 
will be seen that the direction of all these lines between the 
curve and the axis of the circular current is away from, and 
that their direction on the other side of the curve is towards 
the plane of the circular current: hence on opposite sides of 
the curve their tendency is to produce currents in opposite 
directions. 

- If the curve is now supposed to revolve round the axis of 
the circular current, all lines of force enclosed by the surface 
generated will tend to produce currents in one direction, 
while all lines outside the surface will tend to produce currents 
in the opposite direction. Therefore, when the secondary coil 
is so situated with respect to this surface that as many lines 
of force pass through it in one direetion as in the other, the 
resultant inductive effect on it will be zero; and this will be 
the case when it occupies any of the conjugate positions". 

It is evident from this, therefore, that we may combine the 
coils in several ways for the suppression of inductive effects :— 
first, by placing them close together face to face with their 
axes coincident, and so arranged that one of them may be 
moved across the face of the other parallel to their planes till 
a balance is obtained ; secondly, by placing them at some dis- 
tance apart with their planes parallel and their axes coincident, 
and so arranged that if their planes are vertical each of them 


* In what precedes, the planes of the coils have been always supposed 
to be parallel to each other; but it evidently follows from the reasoning 
here indicated that, if any set of parallel tangents be drawn to the lines of 
force and a curve be traced through the points of contact, an infinitely 
small coil would experience no inductive effect if it were placed with its 
centre anywhere in this curve, and with its plane parallel to the given set 
of tangents. 
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may be made to rotate round its vertical diameter ; then if 
they are joined together when thcir axes are coincident, and 
combined like parallel rulers, they may be made to rotate 
together until a balance is obtained. With regard to this 
combination, it may be observed that the greatest inductive 
effect occurs when the planes of the coils are at the greatest 
distance from one another—and that as the planes approach, 
this effect gradually diminishes, until, when they are still at 
some distance, it becomes nothing. 

Another, and perhaps more convenient, way of combining 
them is to place them, as in the last case, with their planes 
parallel and their axes coincident, the distance between them 
being equal to, or a little greater than, the radius of either coil : 
then, if their planes are vertical, we may fix one of them in that 
position ; and if the other is capable of rotating round its ver- 
tical diameter, it will be found that when it has rotated through 
90° (that is, when the planes of the coils are at right angles) the 
inductive effects in the secondary circuit have ceased. If the 
coil is made to rotate through a few degrees to one side of this 
position, the currents induced in it will be in a certain direc- 
tion; and if it is rotated to the other side, their direction will 
be found to be reversed. 

As with either of these combinations we could pass from 
sound to silence, some experiments were made in order to com- 
pare the rate of diminution of the induced currents with the 
movements of the coils in passing from a maximum toa mini- 
mum of inductive effects. 

For this purpose the coils were placed with their faces in con- 
tact and their axes coincident, the secondary one being joined 
in circuit with a reflecting galvanometer. In this position 
five observations were taken and the mean recorded. They 
were now separated until their planes were an inch apart, and a 
mean of five observations again taken; and this process was 
repeated at intervals of half an inch till the distance between 
them was increased to five inches. 

They were now arranged as in the first combination, their 
faces being in contact during all the experiments ; and while 
their axes were coincident, five observations were taken and 
the mean recorded. One of them was now slid over the other, 
the faces being still in contact, through a distance of half an 
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inch and a mean recorded as before ; and this process was re- — 
peated at intervals of half an inch till a balance was established. 

The second and third combinations were treated in the same 
manner, the coils being moved by steps of 10° at a time, and 
readings taken till a balance was obtained; and as the deflec- 
tions were small in all cases, they were taken as being propor- 
tional to the strength of the currents. 

The numbers given in the annexed Table are those found 
in the way indicated, the mean in each case being that of five 
experiments. 


Axes of coils First Second Third 
coincident. combination. combination. combination. 
Distance Distance : 
of |Meen, of |Mean.| Anglo. | Mean.| Angle. | Mean. 
plenes. axes. 
0:625 88 0 88 0° 8 0° 17 
10 7l 0:5 84 10 7 10 17 
1:5 52 10 70 20 7 20 17 
20 38 1:5 57 30 6 30 . 16 
2:5 28 2:0 406 40 5 40 16 
3:0 22:5 2:5 308 50 4 50 16 
3:5 17 30 20 60 3 60 12 
40 13:4 9:5 10 65 0 70 9 
4:5 10 40 0 ius 80 5 
5-0 8 85 2 
90 0 


Note.—I may state here that I intend to continue this sub- 
ject, and, when time permits, to trace some of the curves of 
equal induction. | 


XX. On Magneto- Electric Induction. By FREDERICK 
GUTHRIE and C. V. Boys, Assoc. R. School of Mines.— 


Part I. 
[Plate XVIII.] 


IT is well known that the electric currents caused in a con- 
ductor by relative motion between that conductor and a 
magnetic pole are in such a direction as to impose a drag 
upon such motion. An ideal friction (that is, one without 
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recoil) is called forth ; and, accordingly, in the experiments 
sometimes called Arago's such current-friction exhibits itself 
in the pursuit of the moving element by the one which is free 
to move, though originally at rest. Again, the same current- 
friction appears in the damping of the swing of the compass- 
needle by neighbouring metallic masses, and by the evolution 
of heat in the metallic disk revolving between magnetic poles. 

It occurred to one of us that such pursuit as occurs in 
Arago's experiment might be made use of with advantage to 
measure the rate at which machinery is moving. For we 
have merely either (1) to connect a revolvable magnet with 
the machinery, and measure the angle through which it turns 
a copper plate in its near neighbourhood, which is restrained 
by increasing torsion, spring, or weight moment, or (2) to 
connect a copper plate with the machinery so as to revolve in 
the neighbouroood of a magnet restrained by similar means 
or by the earth’s directive magnetism. The latter plan indeed 
might seem to have the obvious advantage that, as in the tan- 
gent-galvanometer, the amount of the eftect is independent of 
the strength of the magnet. But this advantage is probably 
more than counterbalanced by the limitation of the angle of 
deflexion to less than a right angle, whether the magnet swing 
in a horizontal or a vertical plane. 

We have in the following experiments adopted the plan of 
making a permanent steel or electromagnet revolve in the 
neighbourhood of the conductor, and governing the motion of 
the latter by the torsion either of a hair spring of a watch or 
fine platinum wire. 

The accuracy of measurement which can thus be reached, 
and the greatness of the effects, led us to the hope that the 
electrical conductivity of liquids might be detected and 
measured by the same means—a result. much to be desired, 
because, while the effect is due to the passage of currents in 
the liquid, such passage is wholly unaccompanied by electro- 
lysis and its attendant incubus, polarization. 

Defore undertaking this latter investigation we have re- 
examined experimentally the results previously obtained with 
metallic conductors by others; and as our method differs 
somewhat from those previously employed, and our results are 
more extended and in some cases at variance with those of 
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former experimenters, we venture to lay them before the 
Society *. 


Our own Experiments. 


Our experiments were mapped out as follows :— 

_ Other things being the same,— 

J. Vary rate of rotation. 

II. Vary distance between the elements. 

III. Vary diameter of disk. — 
IV. Cut metallic disk. 

V. Vary thickness. 
.. VI. Vary nature of metal of disk. | 
. VII. Examine liquids in view of the determination of their 
conductivities. 
I. The Relation between Velocity and Deflexion.—The appa- 
ratus used for establishing this relationship is, in its later 
form, shown in Pl. XVIII. fig. 1 one third the true size, the 
difference being that the torsion-thread was held by a clip 
attached directly to a glass shade instead of to the sliding 
arrangement shown. 

The motive power was a Froment’s electro-magnetic engine. 
The elastic band from the engine passed round one or other 
of the wheels on the vertical spindle, p, carrying a pair of 
magnets, n s, each 3%, inches long x 14 x 4, placed with their 
similar poles together. A screw on the spindle geared with - 
a worm-wheel, w, with ninety-seven teeth. The time of a 
revolution of this could be measured either by watching a 
mark on the wheel pass a fixed pointer, or by its making a 
contact every revolution so as to sound a bell. The torsion- 
thread used was the hair spring of a watch, to which was at- 
tached the copper disk by means of a screw clip. The speed 
was altered by placing the driving-band on one or other of 
the pulleys on the vertical shaft, or on the Froment engine, or 
by altering the strength of the battery driving it,or by means 
of a friction-break. 

The disk was graduated into degrees on its upper face, and 
the reading made by keeping a vertical edge, the eye, and 


* At the recommendation of the Publication Committee of the Physical 
Society, we omit an historical summary of the previous investigations of 
others. : 
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the torsion-tbread in one plane, and noting the division or 
part of one intersected by that plane, so as to avoid parallax. 

When the deflexion of the disk exceeds 20? or 30? the wire 
takes a “set,” especially if it is kept long at its maximum 
twist. It appears completely to recover itself in time ; but 
such recovery is at last so slow that it is preferable to rede- 
termine the zero immediately after each experiment, and to 
allow for this, assuming that at the moment of observation (that 
is, when the disk is at its greatest excursion) the set in the wire 
is the same as it is immediately after when the zero is rede- 
termined. When the deflexion is considerable it is impossible 
to keep it absolutely constant; accordingly the mean was 
taken of several maxima and minima, and the rate was regis- 
tered after each set of observations. The means of the means 
of deflexion and rate were finally taken. "When the rate is 
high and the deflexion considerable, the disk begins to swing, 
the axis describing a cone, until reading becomes impossible. 
This is possibly due to the vertical repulsion between the 
moving magnet and the disk not being quite symmetrical. 
In Experiment 1 all the data are given; in Table I. the means 
only are given. 


Experiment 1. 
O=0. 
Maximum deflexion. Minimum deflexion. 
368 363 
365 362 
366 359 
367 357 
367 359 
Index-wheel went five times round in 49 seconds. 
364 359 
363 360 
364 361 
Index-wheel went five times round in 49} seconds. 
366 357 
365 355 
Oz + 2°. 


The index-wheel going round once corresponds to ninety- 
seven revolutions of the magnet. 
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Allowing 2° for the effective set, we have a defléxion of 
360°-25 caused by a velocity of 9:825 revolutions a second. 
In Table I. in the first five lines the rate-observations were 
simultaneous with the angle-observations ; in the latter six 
they were taken as in the example given : each result is the 
mean of about eight observations. 


TABLE I. 

SE : re Angular torsion. 
0-258 9-7 
0:521 19:8 
1:672 60:5 
1:702 i 61:3 
2:517 91:2 
2:900 106:9 
5:074 193:9 
1:886 285°9 
8:186 303°9 
9:877 360°3 

23°307 840°0 


It appears from these numbers and from their graphic 
representation in line 1, fig. A, that the torsion varies directly 


as the rate. So exactly is this the case that we may in future 
with perfect confidence reduce from one rate to another or to 
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any arbitrary common rate when the rate varies between ex- 
periments, to test the effect of variation of other kinds. And 
we have, if the magnets and torsion keep constant, a very 
exact and not inconvenient instrument for measuring the rate 
of rotation of machinery. 

II. The Relation between Distance and Deflexion.—T wo series 
of experiments were made to determine this relationship. 
We need only reproduce here the longest and most complete. 
The apparatus used was that shown in fig. 1, Plate XVIII., 
which is drawn to a scale one third true size. 

The copper disk, c, was replaced by one of ebonite, to the 
lower surface of which the metal plate could be attached by 
a drop of weak gum. The copper disk used was only 0:27 
millim. thick ; so that all its parts might be considered at the 
same distance from the magnet. The magnet used was 3,4, 
x 4x, inch. The upper end of the torsion-thread was at- 
tached by a screw-clip to the brass rod, and graduated in 
millimetres. This could be slid up and down, so as to vary 
the distance between the magnet and the disk. To get the 
absolute distance, the mica screen between them was removed, 
and a piece of copper exactly 1 millim. thick laid on the 
magnet, and the disk lowered till it just began to rest on the 
copper. Then the copper was replaced by the mica, and the 
first experiment made. Then the disk was raised 1 millim. by 
means of the graduated rod r for each succeeding experiment. 

'The ebonite disk and central clamp had been found to be 
unaffected by the fastest speed used. In order to avoid ex- 
travagant torsion, the rate of rotation was made less when the 
distance was small. 

In Table II., column D shows the distance in millimetres 
between the upper surface of the magnet and lower surface of 
the copper disk ; A shows the observed angles of depression ; 
T shows the time in seconds for one revolution of the worm- 
wheel; A’ is the product of A and T. Since T is inversely 
and A is directly as the rate, A’ shows the pure effect of 
distance; it would be a constant if the distance did not vary. 
Each of the experimental numbers given, whether of angle or 
time, is the mean of never less than three observations. "These 
observations of angle and time were simultaneous. 
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TABLE II. 
D A T A'—AxT | 

! [*) 

! 1 106:8 13:7 1463-2 
2 78-0 137 1068:8 
3 75:6 10:2 T1Y1l 
4 57-0 10:1 5757 
5 68:3 65 443:9 
6 50:9 132 360:5 
7 565-1 5:8 202-0 
8 43:3 5:3 229:5 
9 36:3 5:3 192°4 

10 { 45:1 { 3:6 { 162°4 
44:6 3:6 160-6 
]1 36:1 87 133-6 
12 30:5 37 112:8 ° 
13 25:6 3:5 96:6 
14 21:0 3:6 756 
15 179 94 60.9 
16 15:5 30 51:25 
17 13:3 3:6 41:88 
18 11:6 3:5 40:60 
19 10-4 3:5 36-40 
20 9-0 { 35 { 31°50 
100 3:6 36-00 
21 80 3:5 28-00 
22 T1 395. 24-85 
23 6:2 3:5 21°70 
24 5:2 3:5 18:20 
95 48 94 16°32 
26 4:6 34 15:64 
21 3:5 3:6 12:60 
28 3:5 3:6 12:60 
29 3:0 3:6 10°80 
30 2-6 3:6 9:36 


The second numbers opposite distances 10 and 20 millims. 
were obtained after the completion of the set of experiments, 
by resetting the plate to the proper distances, to see if there 
had been any great change in the power of the magnets or 
the torsion of the thread. 

On plotting out the curve of distance we find line 2, fig. A 
(p. 131). 

III. Variation in the Dnus of the Disk.—F or the study 
of this effect the same apparatus was used again, the only 
difference being that the magnet was only 2 inches long ; and 
& series of disks of copper were cut of the same thickness as 
that used for finding the law of distance. They were held in 
the same way—by a drop of weak gum on the under surface 
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of the ebonite disk. The distance was kept constant, namely 
3 millims. In Table III., column Diam. gives the diameter 
of the disk in inches, column A the corrected mean deflexion 
of about four observations, column T the time of one revolu- 
tion of the worm-wheel, got by taking the time of ten or 
twenty turns, during which the angles are read ; and column 
A’ is equal to A x T, and represents the torsion for constant 
velocity. 


TABLE III. 

Diam. A. | T A'=AXT 
1:00 0:3 2-53 759 
1-25 0-9 2-79 2-511 
1:50 26 2-82 7-932 
1°75 6:5 2-83 1396 

107 3-90 6 

2:00 { 125 { 3:90 48:75 

215 4:02 86-48 

225 | [34 { 4:09 87-58 
9-50 30-8 4-08 1241 
275 387 4-06 1571 
3-00 46:1 4-01 1849 
9-95 50-9 4-00 203-6 
3:50 50-0 3:90 9184 


The curve 3 in fig. A is the graphic representation of the 
above relationship. As was to be expected, there is a point 
of contrary flexure at about the region where the disk has a 
diameter equal to the length of the magnet. 

IV. Effects of Cuts in Disks.—The same apparatus was used, 
and copper disks 3 inches in diameter, of the same thickness 
and at the same distance from the 2-inch magnet. In Table 
IV., A is the observed angle, T the observed time of rotation, 
and A’ is the product of A and T, and is proportional to the 
force for a constant rate. 

The attached figures represent the way in which the disks 
were cut. 


10. 
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TABLE IV. 
A. T. 
44-0 4:03 


16:0 


L8 


39-9 


3106 


33:0 


30:6 


26:1 


4*07 


4:31 


4:44 


4:42 


4°35 


4°32 


4:24 


4:21 


A'zAXxT. 


177:3 


11:4 | 


135 


094 
41:95 


68:96 ) 


80 


176:4 


163°6 


142:6 


129:7 


113:2 


77-0 


136 MESSRS. GUTHRIE AND BOYS ON 


In this Table the dark spaces in 2 and 4 mean absence of 
metal. The sum of the torsional effects of 2 and 3 or of 4 
and 5 is equivalent to that of the disk in 1 having a concentric 
circular cut 2 inches or 1} inch in diameter respectively —from 
which it will be seen that a concentric circular cut interferes 
with the induced currents far more than radial cuts of equal 
or even greater length. Experiment 6 is a repetition of ex- 
periment 1. The effect of the radial cuts in 7, 8, 9, and 10, 
though agreeing in kind with the experiments of Babbage and 
Herschel, is far less in amount ; and this is noteworthy, as in 
their experiments the disks of lead were not cut completely to 
the centre, but a small space was left to unite the different parts 
together; while in our experiments the copper disk was cut 
completely through, the different parts being held i in position 
by the ebonite plate above. 

Taking the torsional effect of an uncut disk as 100, the fol- 
lowing numbers show the effect of disks cut as in 7, 8, and 10, 
as obtained by 

8. 10. 


7. 
Babbage and Herschel . . . 832 725 448 
US x "uu 92:8 807  Á642 


V. Effect of T Jickness. —The examination of the effect of, 
thickness is experimentally involved in that of distance, because, 
in increasing the thickness of a plate, it is impossible with our 
data to avoid change of distance of plane of effective mass. 
We have thought it best to employ for this purpose very thin 
disks cut out of a uniform sheet, and stuck with thin gum 
under the ebonite disk, at first one, then two, and so on up to 
six.  Tinfoil was used 0°13 millim. thick, and 3:625 in. in 
diameter. 


TABLE V. 


! 
No. of foils. A. T. A'—AXxT. AA’. 


The column AA' shows the increase in effect due to each 
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foil; it also shows that the lower foils, being nearer the magnet, 
are more effective than the upper ones. A single foil la was 
afterwards hung at the distance of foil no. 6, and gave the 
result 146:2, agreeing with 144°8. The effect, then, of disks 
may be taken as directly proportional to their joint thickness, 
the mean distance remaining the same. There is probably a 
misreading with the four disks. 

VI. Effect of Nature of Metal.—Sheets of copper, zinc, tin, 
brass, and lead having been rolled between the same rollers, 
were found to have the thickness as under :— 


millim. 
Coppr . . . . 089 
Zinc . . . . . 087 
Ti . . = 4 ow 071 
Brass. . . . . 093 
Lead . . . . . 076 


Disks 2:875 inches in diameter were cut out of the sheets, 
and tastened in the usual way by a drop of gum to the under 
surface of the ebonite disk. The results are given in Table VI. 


TABLE VI. 
| | A’ A'xr 
| Metal. A. T. AAT] =. 5 BI 
| 
| Copper... 785 | 218 | 17113 | 1923 ]19 | 229 
Brass ..| 288 23:0 002-4 719 423 | 301 
Zinc 314 23:0 722-9 830 396 | 271 
| Tiu | 13-0 23:3 309-9 491 669 | 286 
| Led 4 84 23:0 193:2 254 1109 | 281 


/ 
The column headed 2 is obtained by dividing the numbers 


in the previous column by the thickness of metal used. The 
numbers in the column r, give the resistance, in ohms of 100 
inches, of wire drawn from the same metal that was rolled into 
sheets, and :79 millim.in diam. These two columns multiplied 
together give the last column, which should be a constant if 
the deflexion is proportional to the conductivity. Now these 
numbers range from 229 to 301, which seems rather a wide 
divergence ; but in this case there are many considerations to 
be taken into account, in each of which errors may easily 
VOL III. L 
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creep in, especially in the assumption that the specific conduc- 
tivity of the same metal is the same whether it be rolled or 
drawn. The approximation to equality, obtained in the num- 
bers in the last column, is all that could be expected. 

It appears from the above experiments in I., II., IU., IV., 
V., VL, that the torsion varies directly with the moment of 
the current. 

VII. Examination of Liquids.—The electro-magnet seen in 
vertical section in Pl. XVIII. fig. 2, one third true size, was made 
to screw onto a vertical axis, so as to revolve in a horizontal plane. 
A 5-in. sulphuric-acid dish was held just above it by a separate 
stand to avoid any effects that vibration might cause ; and into 
this dish the liquid to be tested could be put; a cover was also 
put over the dish. Mercury was first tried; and it soon began 
to rotate in the same direction as the magnet. Dilute sul- 
phuric acid of the best-conductivity strength was next expe- 
rimented on : a wood float that had been soaked in paraffin to 
make it float in the middle of the vessel served for an index 
to show motion of liquid. The float followed the magnet at 
the rate of about 15? an hour, but was always rather uncertain 
in its movement. The only noticeable feature of this experi- 
ment was, the fine sulphate-of-lead powder which had settled 
during the night arranged itself during the experiment in 
fine concentric rings, the circle immediately above the poles of 
the electro-magnet being bare. A solution of sulphate of 
copper showed no indications whatever. 

As this method did not seem at all promising, the apparatus 
shown in vertical section in fig. 2 was next used. A glass 
bulb B was filled with the same sulphuric acid that was used 
in the last experiment, and hung by a silk thread in a small 
beaker c which acted as a screen ; there was also a screen 
above. The electro-magnet e was made to revolve before the 
current was turned on, to see if there was any mechanical 
effect; but there was none at all ; as soon, however, as the wires 
were connected with the battery the bulb B began to swing 
round, and stopped at about 180°. Here there was an unmis- 
takable effect obtained with a non-metallic liquid conductor. 

If, then, the torsion is proportional to the conductivity of the 
liquid in the vessel, which it undoubtedly is, we have the means 
of measuring the conductivity of liquids without using elec- 
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trodes, and therefore without polarization. To see how the 
method worked, the preliminary apparatus shown in figs. 3 and 
4 was constructed. NS is a double electro-magnet made from 
iron bar 1 in. wide and 1 thick, bent as shown in horizontal 
section in fig. 3, so that the two poles are inside : with this 
arrangement the lines of force which intersect the cylindrical 
vessel B are almost straight and parallel. The vessel B was 
hung in the cylindrical screen c by a platinum wire 15 ft. long 
and 0:002 in. in diameter; and a small mirror was fixed to it for 
observing the reflexion of a small gas-flame. The liquid could 
be introduced by a pipette through a small hole in the side. 
Mixtures of sulphuric acid and water were made in the fol- 


lowing proportions by weight, and were tested in the above 
apparatus:— 


. . . €. 
Acid aec 7 6 5 4 3 
7 


They gave the following numbers, which represent the 
number of divisions on a scale of equal parts, at which the 
reflexion of the light conld be seen when the mirror was in its 
position of mean deflexion. 

a2, b2:6, c5: 5, d68, e89. 

These numbers, being obtained only from a provisional ap- 
paratus, must not be considered to represent the accuracy of 
the process, but merely as showing that larger and more per- 
fect apparatus is likely to give good results. 

With regard to the validity of this method of determining 
the conducting-power of liquids a few words may be said. 
lst. What will be the action of para- or dia-magnetic liquids 
apart from conductivity? Iron gives a greater turning effect 
than copper when placed over a revolving magnet, owing to 
its very great magnetizability and to its retaining magnetism 
a perceptible time ; but whether liquids can acquire sufficient 
magnetism and retain it long enough to vitiate the results it 
is impossible to say; experiment will show. 2nd. Does the 
torsion of the wire really represent the twisting effect on the 
liquid a£ rest? It would seem at first that it does not; but a 
little consideration will show that no error in any way appreci- 
able can be committed on the supposition that it does. The 

L2 
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action is this: the rotating magnets cause the liquid in the 
vessel to rotate in the same direction; the friction between the 
liquid and the vessel tends to make the vessel rotate too; but 
it is restrained by the torsion of the wire. As the inertia of 
the liquid has to be overcome by a comparatively small force, 
its velocity will increase very slowly ; and were there no 
friction against the sides of the vessel it would, if only left 
long enough, equal that of the magnet. But there is friction, 
which increases with the velocity; and therefore as the velocity 
increases the acceleration will diminish, and in time the velo- 
city will be constant—that is, when the twisting force and the 
friction become equal—just as a light body when dropped in 
air soon attains a constant velocity. This velocity depends on 
the viscosity of the liquid ; and it might be well said that two 
liquids having the same conductivity, but one viscous and the 
other mobile, would attain very different constant velocities, 
and, as the twisting force is directly proportional to the relative 
motion between the liquid and the magnet, that different re- 
sults would be attained. This is quite true; but the question 
turns upon the velocity which the liquid attains. If it is itself 
comparable to the velocity of the magnet, then any changes 
in it will affect the result but if it is nothing compared with 
the magnet’s velocity, then no error at all can be produced. 
Now on looking back it will be seen that the rotation of the 
best-conductivity acid in the 5-in. basin over a revolving 
electro-magnet turning about 3000 times a minute, was about 
15° an hour; in other words, the magnet went about 4,320,000 
times as fast as the liquid; and the total possible error on the 
supposition that the liquid is still, would be zzz) y59 of the 
whole amount ; therefore it may be safely neglected. 

It appears, therefore, that the point to be borne in mind is 
that the torsion must not be measured till the liquid has attained 
its constant velocity; i. e. sufficient time must be allowed. This 
velocity and this time will be less the greater the friction or 
viscosity. But the introduction of glass threads, screens, or 
porous plates to increase the friction would do more harm by 
introducing uncertain electrical resistances than they could 
possibly do good: the only device which seems as if it might be 
of any use would be to make a jelly of the conducting liquid; 
but this is quite unnecessary. 
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We are engaged in measuring the conductivity of liquids by 
means similar to those above shown. 


EXPLANATION OF Fica. A (page 131). 

Curve 1. The abscissz are in proportion to the velocities of rotation of 
& permanent steel magnet beneath a copper disk; the ordinates are in 
proportion to the angles at which the disk comes to rest. This curve 
appears to be a straight line, showiny that the torsional moment is pro- 
portional to the velocity. 

Curve 2. The abscisse are in proportion to the distances between a thin 
copper disk and the upper surface of a permanent steel magnet revolving 
beneath ; corrected for rate according to curve 1, the ordinates are in pro- 
portion to the angles at which the disk comes to rest. 

Curve 3. The asbscissz are in proportion to the diameter of a thin 
copper disk, varying from 1 in. to 3:5 in. in diameter, turned by a revolving 
permanent magnet beneath, 2 in. long; the ordinates are in proportion to 
the angular deflexions. The double line shows the secondary observations 
about the region (the * pole ") of the magnet where the effect of variation 
of diameter should be most marked. About this place there is an altera- 
tion in flexure. 


XXI. On the Determination of the Variation of the Thermal 
Conductivity of Metals with Temperature, by means of the 
permanent Curve of Temperature along a uniform thin Rod 
heated at one end. (Second Paper.) By OLIVER J. LODGE, 
D.Sc. 


Tuae first portion of a communication with the above title was 
printed in Part I. of the present volume of the Proceedings of 
the Society ; but, a slip at the beginning having been noticed 
by Dr. Hopkinson which to some extent vitiated the results 
arrived at in the second part of the paper, this second half, 
consisting of sections 15-30, was suppressed, and not printed 
in the Proceedings of the Society, though it appeared in the 
Philosophical Magazine for April 1879. The present com- 
munication corrects and supplements the former paper, but, as 
it contains several references to the contents of the suppressed 
portion, this explanation is necessary. 
The slip consisted in setting out with the ordinary equation 

to the curve of permanent temperature down a rod 

TO Hp 

di? ky’ 
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which is true when & is constant, and working with it as if it 
were equally valid when & is assumed to be variable. The 
oversight was inexcusable, because in § 2 of the paper referred 
to I indicated, for the sake of completeness, the ordinary way 
in which this fundamental equation is obtained, and I thought- 
lessly wrote the gain of heat per second by an element of the 
rod at a distance z from the origin as 


dé 
as usual, instead of what it obviously becomes when & is not 
considered constant, 


d8 


The term containing d which I omitted is but a small one, 


however, and does not make very much difference to the 
result: hence the sections 16-20, though superseded by the 
present communication, are not exactly incorrect, but are first 
approximations ; and the curve A spoken of in § 21, and 
drawn in Plate VII., does represent the character of the curve 
of temperature down a long iron rod in vacuo, with one end 
300° hotter than the other. But no calculation of the varia- 
tion coefficient of conductivity is likely to be possible by 
i had been omitted. 

30. With the exception of the correction now indicated in 
equations (1) and (3), the first fifteen sections of the paper 
are quite unaffected by the slip, and may remain as they stand, 
except that I have now a little more to say on the subject of 
$$ 5-9. 

Professor Tait has been kind enough to send me a copy of 
his researches on * Thermal and Electric Conductivity,” read 
before the Royal Society of Edinburgh in March and June 
1878; and I find that he has given up his enticing speculation 
as to the inverse variation of thermometric conductivity with 
absolute temporature—and in fact that he believes iron to be 
possibly exceptional in the inverse connexion of conductivity 
and temperature, all other metals which he has subjected to 
experimental observation showing a slight increase of conduc- 


means of equations from which the term 
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tivity as the temperature rises. Prof. ,Tait’s results are thus 
in opposition to the results of Prof. Angstrom for copper; 
but since Prof. Angstróm, in the interpretation of his very 
ingenious method of experiment, used the ordinary Fourier 
equations, formed on the supposition that & is constant, and 
that rate of cooling is proportional to excess of temperature, 
Prof. Tait does not consider his observations competent to 
decide a point as to the variability of k. Without venturing 
an opinion of my own on the subject, it is evident that this 
opposition is an additional reason for attacking the important 
question of the law of the variation of thermal conductivity 
with temperature. 

Prof. Tait finds that a linear function of the temperature, 
k=a+ bt, will express the value of the thermal conductivity 
according to his experimental results, at least in their present 
preliminary stage ; and we saw in § 8 that Prof. Forbes’s 
results for iron could be expressed nearly as 


k=-207(1—00144) ; 


hence instead of the law of variation of thermumetric conduc- 
tivity, 

k A 

ep bt 
assumed in the former paper, I shall now assume as the law 
of the variation of thermal conductivity, 


k=bx(1+ : ) ED) 


where b is positive for metals whose conductivity increases 
with temperature, but both 6 and « are negative for those 
whose conductivity diminishes with temperature, like iron. 

It will be necessary to reckon temperature, as before, from 
the temperature of the enclosure (v9 —2742t,) as zero; so 
instead of b-- t we write m +0, where m=t +b. 

Similarly, for the law of variation of specific heat and den- 
sity, we may assume (see $ 8), 


ep Be (1 + 5 t)=o(8+ t)=a(n+9), 


where n=f)+8 and is always positive, because the specific 
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heat of all metals except mercury appears to increase with 
temperature. 

$$ 10-15 remain unaltered ; but I shall only attempt the 
case of a rod in vacuo, as in air the integration appears imprac- 
ticable. $$ 25-29 also remain practically unaltered. 

31. We start, then, with the following equations to the va- 
riables, of which the numbering agrees with that of the cor- 
responding equations in the preceding paper, whether they are 
the same or different; but the numbers are put into square 
brackets when for any reason the equation is modified. Num- 
bers above 32 characterize those equations which did not 
appear in the former paper. 


kxk(m0) . . . . . . . . [4] 
db ky ky 
e o> ae: © (33) 
cp=a(n+8), . .. . . . . (84) 
H= 7? Óó ........ 2 
: (2) 
Q—Pa"(a*—1)—R(a*—1) . . .(5) 
And the fundamental equation is 
dé 
dkq 27 Hodfj wo ow Sa: TA 


or, neglecting the expansion by heat of the cross section g, 
d ,dO0 Hp — 
da T dz =cpð. [3] 
This may be ee 
4,4 dk På ; 
*t dó 
whence, by T of e &e., 
d* 1 /dO e n+0 ; 
Ta taral) x cet soc UM 
32. To integrate this once, make the substitution (E) =» 
c 
when [11] becomes 


dz 2z 9,0 nt+O@ ; 
dq mast e ro 
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which is of the form 


g tP:=Q 


whose integral is 
fae { {5 Qd0 +C l ; 


Hence the first integral of [11] is 


dé 20 ( 
( ay = = neo (m 4 8)(n 4-0)640, 
the limits being taken to suit a rod whose length is unlimited 
(that is, one in which 0 and i vanish together)—Aa condition 


which is necessary for indi. as is explained in $ 17. 
We may now insert the value of Ê from (5) and write the 
above thus, 


zd V - (oe sec -1y 


_a—l 
E {M+(mn—M)6+@} — M6, . [12] 
where for shortness the letter M is written instead of the con- 
stant juod o 

T loga (loga) 

33. So far we have proceeded with perfect accuracy ; but 
in order to integrate the equation any further it is necessary 
to expand af —1 and neglect higher powers of @ log a, as was 
done and justified for all probable values of 0 in § 12. The 
approximation used is 
a’—1 > Gloga{1+}0loga+(Olog a)?(1+ 1 @loga)}. (7) 
Introducing this into [12], after writing y for the small cor- 
rection factor 4@loga, and a for the perpetually occurring 


constant log a= log, 1:0077= t it becomes 
d0 1? 
in "taf 7 
Lee (M+ (nn—M)6+6°)— M6 
=}a0(A+BO+C6),. 2... 2 ee eee [48] 
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where 


A= : (amne m n- 2), 
a a 


B= E (m4n)+ =F (an + =), . (35) 
l+y 2 | 
3 (m+n—=+0)a, 


(Remember that : —130,and that y=4a0 = 


C=1 + 


1009 practically.) 
The coefficient C, therefore, is not quite constant, but depends 
upon O. The dependence, however, is very slight, since m+n 
is usually a large number, and a a small fraction; and it will be 
quite sufficient to write the average value 40 instead of 0 in 
the brackets of C, and thus to make it a constant. The usual 
relative sizes of the three constants are, À numerically much 
larger than B, and B numerically much larger than C. 

For metals whose conductivity increases with temperature 
all three constants are positive ; but for metals like iron, whose 
conductivity decreases with temperature and for which there- 
fore m is negative, À and B are certain to be negative, while 
C is very likely to be positive but small. We can avoid this 
change of sign by noticing that when m is negative « is also 
negative; hence, if we bring « over to the right-hand side of 


[13], we shall get new constants, : and a which will be 
always positive, and "L which is positive for all metals which 


have « positive, but which is generally negative for those 
which, like iron, have x negative. In all the following equa- 
tions, wherever A and B appear alone,they may be always reck- 
oned positive, because the « has merely been cancelled out. In 
order that C may be negative, it is necessary not only that m 
shall be negative, but also that it shall be numerically greater 


than n44941 ; hence this is the condition which will allow 
"E be positive when « is negative. 


94. It may be useful to caleulate the numerical value of 
these constants for such metals as we at present possess any 
experimental data for. We will assume the temperature of 
the enclosure to be 0° C. (so that m=b and nz f, see $ 30), 
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and the highest observed point of temperature @ on the rod 
to be 100? C.: then the following Table contains the values 
of the constants A, B, and C for iron and copper, together 
with certain ratios which will be used later. The row of num- 
bers deduced from the experiments of Forbes, confirmed by 
Tait, are probably nearly accurate; the others are subject to 
discount. 


Value of 


B orn Value of b or m 


accord- 
Metal. ing to A. B. C. 


Bède and; accord- 
Fizeau. | ing to 


D | ef | ee | eee eee ee || eee 


Forbes ..| — 700 |— 578,000 — 1360/4 577 
(e) 
Hone 7601 Angstróm — 610 |,— diu UR 1,200'+ 746 
jAngetróm — 940 |—1,964, 000 — 5,063 + 34 
Poppers: e rai we +2000 |4-4,912, MEN 106 +123 
Sor - =8 rs= ane 
+850 —-00085 — 2325 
+841 —-00124 10428 
+7757 —:00134 - 1:0394 
4-647:8 +-00162 +1-0494 


35. The integral of equation [13] may be written down 
without difficulty; and it constitutes the equation to the per- 
manent curve of temperature down a long thin uniform cy- 
lindrical metal rod with a blackened surface heated at one end 
in vacuo. 


f { = +B+2VAV E +5 P C) S 
pM c E eae oe Ee 


|” 4209+B+2VCV(A+B0+CP} YE lo 


For a much simpler and practically useful form of this equa- 
tion see equation (40) § 38. 

36. The expression on the left-hand side of this equation 
may be written in various ways; and its form is slightly differ- 
ent according as C is of the same or opposite sign to «x. 

For the cise when C and « have the same sign (which ac- 
cording to Prof. Tait is probably most usual) we may write 


= /(Roa).r.[14 ] 
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it conveniently 
2A 


d * 2C6+B 7° 
[mv (3) ann J EAC B) d (c) sinh’ P AC-Bjle" 
/(Roea)z. . . (36) 
But for the case when the signs of C and « are opposite (as 
for iron), it becomes 


2A 
K h-i g +8 —x«v _, 2C04B 

[my (3) cosi (BI—4AC) ~ V (c VB Stoi a 

V (Roa)z. . . (87) 
Whether we write cos—' or sin! in this equation only affects 
the sign of the term containing it. In equation (36), if 4AC 
is less than B? (which is unlikely), the terms in the denomi- 
nators must be transposed and cosh™' written for sinh-'!, 

Of the two terms in the brackets of these equations the first 
is by far the most important, and in the former paper is the 
only one which appeared (see equation 14); the second term 
has only a small effect on the curve, and this effect vanishes 
with C*. The occurrence of the inverse circular function in 
the curve of temperature along metals whose conductivity di- 
minishes with temperature is peculiar ; but C must always be 
very small for such metals ; so that it does not make much dif- 
ference. And this is a good thing, because when m is nega- 
tive the @ occurring in the expression called C is of more rela- 
tive importance, and C is therefore not so constant as when m 
is positive: but the approximation is always pretty good, the 
worst possible case being that of a supposititious metal with 
m= —(n— 2 for which C=1+ A 

37. We have thus obtained the equation to the curve of 
temperature expressing «< as a function of 6. What we have 
now to do is to show how, from experimentally observed cor- 
responding values of 0 and z, the constants A, B, C can be 
determined, or at least such of them as are required for the 
determination of the constants « and m. In order to deter- 

* To avoid a possible misunderstanding, it may be well to say that this 
does not mean that the ferm vanishes, because of course it becomes infi- 
nite; but it means that the effect of the term vanishes, because when the 
limite are put in, the two things subtracted from one another are equal. 


THERMAL CONDUCTIVITY WITH TEMPERATURE. 149 


mine these constants we must apparently use some method of 
successive approximations; and the precise method adopted 
will probably be a matter of taste. I may, however, suggest 
the following as certainly applicable to the case of x and m 
positive, i. e. to equation (36), and as inferentially applicable 
to the other case (37) if we can get some imaginary quanti- 
ties to cancel each other. We will therefore proceed with 
the general case, and not trouble about whether the quantities 
are real or imaginary. 
2A ay 
The quantity J/ 4AG—BS is always pretty large, even 


when @ has its maximum value @; call it y. Then writing 
sinh-! y= log (y+ Vy’? +1), we see that, since y is large, y? + 1 
is practically the same as y’, and therefore that sinh-! y & log 2y 
to all intents and purposes. This approximation is always 
very close; and it is perfectly accurate when rs- 1, i. e. when 
4AC=B?. That this is not likely to be far from the case is 
illustrated in the Table (§ 34). 


The quantity JUAU CET however, is not large at all, but 


has a value not very different from unity. We had better 
therefore take its sinh-! in the logarithmic form, and write 
(36) with the limits put in 


K 2C0 + B+ V 4AC -ABCO - 4C? 


^V 0"83094B4 ViACXABCO 40T Y (Ree) 
(38) 
ix. 2A 2C 
or, writing ^y —r and p= 
| 1+5 NT. 
| 0| [17:9 La 1 y (ARes), 
: "4 aq... " 29V = x , 
gs 1+s0+ / (rs +2860 + 8760") 0.0. (89) 


L 


or 
— oo Cl - a - E T 
(14 5)a ees Vet 290+ S8) n -Kesn [19] 
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and the function of 0 on the left-hand side of this equation 
increases in geometrical progression for an arithmetical in- 
crease of z. 

98. So far we have been practically exact; but it is now 


necessary to introduce several approximations. Notice that r 
is a large constant and s a small one ; so that : and sÓ are 
small quantities whose squares may be neglected for all pro- 
bable values of 0. Moreover observe that A / <, though it 


may be imaginary, is never large and is often fractional. 
Write, therefore, the denominator of the left-hand side of [19] 
in the following successively approximate forms, 


L +30 + Viav (1+ Py": 
1 r 


alı +80 + Vre(1+ 2r 


- [esae eI )" “i 


e (14 V rij ee 1 a Vist 114 vi) Y O 


0 r 
M S 4 seyn s. 


Hence we pes as the quantity which is to go in geometrical 
progression in equation L9] 


)q 


6 (+y za s 
m+0 m 
and we may conveniently write equation [14] to the curve of 
temperature down the rod in the simple approximate form 
m 4-0 m+ 2; 
ilerum ze. wo nae » +» . (40) 
where it is to be remembered, see equation (39), that 
yin ARoa pa mnoRa _ “fo Ra= Pa .Pa*loga, [21] 


an? T? 5 


Ket, . [19] 


* The approximation in [21] consists in writing mn, the largest term of 
A, instead of A. It is unnecessary to work with this approximation; but 
it is useful as showing how naturally the various constants occur in p. 
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and that 
2 
amn-d-m-4^n-—- 
r= oe = D = (41) 


E (2—wy) (m t») 4 (1l +y)(amn+ a 


39. There ought now to be no difficulty in calculating the 
constant m from observed corresponding values of 0 and z. 
The following method has occurred to me ; but there may be 
better ones. Let five temperatures, ĝo, 0,, 0;, 0,, 0,, be ob- 
served along the rod at distances from the origin s, æ+ E, 
x+2Ẹ, 2+3£, and z--4£. Let the quantity which goes in 
geometrical progression, see equations (40) or [19], be written 


and for shortness call the numerator $(@) and the denominator 


(0). Then of course 


$$ Pa) 
yi vs Wo’ 
whence 
$i) Vs Vo 
$; y3 
Similarly 
dd: vii 
$5 Y3 
Therefore 


$1$:— $3 -— Jis — Ns 
duds 93 POV 
which, being interpreted, is 
1 1 2 fl 1 
0, m 0, 6, ad (aa; T z) _ (0644- 6,— 20,)m - 0,0; — 06; 
1,1 2 ,,(1 1) (&*6—26)mr66,—68; 
6, * 6, 6, "ag. a) 0... (42) 
the form of which we may abridge into | 
Q4 RE rb, MC, + a, 
ag Tb meyt+d, 
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where the coefficients a, b, c, d are all known. This gives us 
ad, — ad, + r(byd, — bdo) 
= tT MS. 43 
a Q1€9 — Ayly + r(b,09 — bye) ( ) 
40. Now looking at equation (41), we see that the value of 
r is : multiplied by a fraction which contains m indeed, but 


does not depend very much upon it ; for, neglecting the small 
quantity y, the fraction is 


amn--mn—^ 


ain t 2(m M n) : 


and since m and n are both pretty large, the first term, which 
is the same in both numerator and denominator, is much the 
biggest, and accordingly the fraction is not very different from 
unity. It is likely to be greater than 1 when m is negative, 
and less than 1 when mis positive. Hence a first approxima- 


tion to r is : or (80. The fact that r does not depend much 


upon m is apparent in the Table, § 34. 
Making, then, a guess at r as 800 or so, we obtain from (43) 
a first approximation to m; and we can afterwards improve it 


by trial and error, so that the quantity 6 mt? in equation (40) 


really does go in geometrical progression down the whole 
length of the rod—for instance, so that 

1, _ O@(m+0)(r+0) _ _ 

z bons 6)(r + @) = const =u. . . (44) 
And then, having obtained the mean value of this constant p, 
it is easy to calculate the absolute conductivity of the rod from 
[21] if one has determined R by experiments on cooling (see 
§ 27). The relative thermometric conductivities of different 
metals at the temperature of the enclosure are simply inversely 
as u? (see [21]). 

41. The only experimental results already published which 
are even apparently at all suitable for applying the method to 
are those of Wiedemann and Franz; but it is impossible to 
get any results from these for reasons stated in $ 28. It may, 
however, be interesting to see how far their numbers for an 
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iron rod in a vacuum will lend themselves to the equations 
now obtained, if m is assumed to be — 700 and r to be 850, as 
in $ 34. 

. The temperatures of the rod were read thermoelectrically, 
and stated in terms of galvanometer-deflections ; and though 
a little Table is given showing what these deflections experi- 
mentally mean in Centigrade excess of temperature, the num- 
bers actually used in their calculations are the deflections 
themselves, which are only roughly proportional to the tem- 
perature excesses. The following empirical relation between 
ò (the deflection) and 0 (the excess of temperature) is deduced 
from their little comparison Table, 


6-4 (5*2 = "D 


and this I have used to obtain the second column of the fol- 
lowing Table :— 


Iron (Wiedemann and Franz). 


Excess of tem- | 
Galvanometer ure in 55078) a1 og) Anna etn 
deflections. Dentigrade "Su igo 850-6) |n—1 1°86 (0n) 
é. sai: aa = log RO). ex pt log; & a ee pe. 


230 50-8 1:5637 


153} 345 1:4143 
100} 229 1:2487 
67} 15-8 1-0965 
42 lol -2086 
357 6:3 7079 


13:2 8:5 4558 


a The mean of the first four numbers in this column is :1566 ; therefore 
pE = ‘3606 
* The mean of these numbers is 2:130; therefore 
pE zx V (2 cosh u£ —2) = 3606. 


The third column contains the logarithm of the quantity 
which ought to go in geometrical progression. The fourth 
column shows that this law of progress is moderately true for 
the first four numbers, but that the numbers which ought 
to be constant exhibit a decided increase towards the cooler 

VOL Ul. M 
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end of the bar, probably because the bar was so short that 
the flow of heat along it extended through the point where 
§=0—which is contrary to our hypothesis ($$ 32 and 17) that 
aé 


2 shall vanish with 0. The distance £ was 2:6 centimetres. 


The next Table shows their results for silver tabulated in 
the same way, and on the assumption that m= + 1000. 


Silver (Wiedemann and Franz). 


were) log /t0,) — log AO) ROn-1) +f (651) 
+0 n—l KO») 


9 
i 0 lo g (P 


* The mean of these numbers is 0614; hence 


0614 .. 
pe 434a ^ Ao 


> The mean of these is 2-017; hence 
pt = 87017 1304. 


42. Although the whole investigation applies only to the 
case of a long rod, yet it seems extremely possible that some- 
thing very like the proper equation to the curve of tempera- 
ture down a short rod with given temperature at its two ends 
can be written down from equation (40) by the addition of 
another term to the right-hand side, thus, 


m+6 _ 8 
HO "Ac" + Be Hs. © è o œ (45) 
just as the ordinary equation for an infinite rod 
9=Oe-“ 
becomes 
6= Ae + Be 


for a short one. If so, the conductivity-constant ø and the 
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variation-constant m would be best determined from the rela- 
tion 


m 4- 0, m+, 
140, +48, 
WE 

2. r 1-0, 
by some such process as is given in $$ 23-25. 

The extent of the constancy of this quotient with Wiede- 
mann's numbers is therefore exhibited in the last column of 
the preceding tables; and the value of „E is obtained from this 
column in order to compare it with that obtained from the 
column preceding. In the case of iron the two values acci- 
dentally agree exactly. 

43. As regards the concluding section of the former paper 
(the suggestions for future experiment), I have seen no reason 
to modify itin any way. I still think the rods should be ex- 
amined by a thermoelectric compensation method (i. e. with 
the use of a bridge wire and slider, and with fixed thermo- 
electric joints on the rod) after their surfaces have been uni- 
formly coated with stove black-lead. The exhaustion of the 
chamber containing the rod should proceed to the “ neutral- 
point" observed by Mr. Crookes, and employed by Mr. Poyn- 
ting in his delicate weighing experiment (Proc. Roy. Soc.), 
* when convection currents have ceased and the radiometer 
effect has not yet begun.” It is probable that at such a point 
(if it really exists, as I suppose it does) Dulong and Petit’s 
law of cooling, assumed all through this paper, would hold 
with perfect accuracy ; and I think that with very careful 
observations of temperature over a sufficient range on long 
thin rods, there would be no insuperable obstacle to obtaining 
rapidly the absolute conductivity and the coefficient of its 
variation with temperature of as many metals and alloys as 
one pleased. 

I have taken considerable care; and I hope that all the cal- 
culations in the present paper are free from error; but they 
are rather long and unsymmetrical and therefore tiresome, 
and I have not ventured to ask any one to read over the proof 
for this very reason. 


= const =2coshwE. . [25] 
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XXII. On an Analogy between the Conductivity for Heat and 
the Induction-Balance Effect of Copper Tin aleve By 
W. CHANDLER Roberts, F.R.S.*. 


IN a paper submitted to the Society in June last, I pointed 
out that the results obtained when copper-tin alloys are ex- 
amined by the aid of the induction-balance does not cor- 
respond with Matthiessen's determinations of the electric con- 
ductivities of the same alloys. The nature of the induction- 
curve remained therefore more or less obscure; but I have 
recently observed a remarkable resemblance between my own 
results f and those given by Calvert and Johnson [ for the 
conductivity of heat, which had hitherto escaped me, as the 
authors did not plot their figures. The following diagram 
shows the relation of the curve published by me in July last 
with those of Calvert and Johnson and Matthiessen respec- 
tively, which I find for the first time placed in juxtaposition 
in a valuable report on the copper-tin alloys recently issued 
by the United-States Government$. 


1001 
* COPPER. f 
$ 90 
E 160 80 
(J 
E 140 70 
d 
Š 120 $ 60 
A ad 
2 100 3 50 = 
= 809 40 d Tin. 
© o 
g 60° 30 
S 
"rd 40 20 
P 20 10 


95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 
Percentage of Copper. 

Note.—The curves for the conductivity of heat and electricity are taken 
from Plate xiv. of the Report on Copper-Tin Alloys, above referred to. 
The latter curve should, however, be moved slightly to the left, as Mat- 
thiessen’s numbers represent volumes, and not weights, per cent. of copper. 


* Read November 8th. 

+ Phil. Mag. (5) vol. viii. p. 57, 1879. 

I Phil. Trans. vol. exlviii. 1858, p. 349. 

$ Report made under the Direction of the Committee on Metallic 
Alloys, Washington, 1879. 
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The earlier results, which were obtained by observations on 
blocks of alloy 18 millims. square and 7 millims. thick, have 
since been verified (except in the case of pure copper, 
which as originally given is too low) by a series of disks 
24 millims. in diameter and 3 millims. thick, formed in the 
lathe, or, in the case of the very brittle ones, by filing. 

The close agreement between the conductivity for heat and 
electricity has, as is well known, been pointed out by Wiede- 
mann and Franz *; but as the similaritv has hitherto, I believe, 
only been observed in isolated cases, the above results on an 
extended series of alloys may be of interest. 

Calvert and Johnson claim a high degree of accuracy for 
their results ; butthey were subjected to adverse criticism, as 
Wiedemann f objected to the apparatus they adopted and to 
the small size of the bars employed. It is therefore the more 
important to point to the almost absolute identity of the two 
curves representing phenomena of which the manifestations 
are so different. 

The respective values of the alloys were ascertained by 
placing the metal to be examined on one side of the balance 
and by superposing a graduated wedge-shaped scale of zinc 
over the opposing coil, as has already been described by Prof. 
Hughesi. The figures given, can however, only be con- 
sidered to represent the general relation among themselves of 
the various alloys in the series, as the zinc scale does not give 
absolute values. 

The induction-balance curve, as I have previously pointed 
out, bears an evident relation to the curve representing the 
density of the same alloys; but its divergence from Matthies- 
sen's curve$ of conductivity is singular. This may perhaps 
be explained by the fact that Matthiessen does not appear to 
have examined any alloy between those which contain respec- 
tively 16:4 and 85:1 volumes per cent. of copper, probably 
because the alloys between these points are too brittle to 
permit their being formed into wire. It may be noted, how- 
ever, that the curve of the tin-gold alloys, which belong to 


* Poggendorff's Annalen, vol. Ixxxix. (1853], pp. 407—531. 

t Ibid. vol. cviii. (1859), pp. 393—407. 

] Phil. Mag. (5) vol. viii. p. 50. 

$ Brit. Assoc. Report, 1863, p. 37, and Chem. Soc. Journ. 1867, p. 212. 
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the same group as the copper-tin, is given in his well-known 
paper" in 1860, and does not show an unbroken line in the 
horizontal portion. Certain intermediate alloys, in the form 
of rods, are now being examined by Dr. Lodge, whose results 
will doubtless clear up the point. 

The alloys which occupy the critical points of the induc- 
tion-balance curve are very interesting. They may be repre- 
sented by the formule SnCu; and SnCu, respectively ; and 
although they only vary by a single equivalent, or by 6:49 
per cent. of copper, their structure and appearance differ 
widely. The latter, SnCu,, is a speculum-metal. It has a 
large conchoidal fracture and a yellow-grey tint. SnCu;, on 
the other hand, has a blue-grey colour and a coarse surface 
of interrupted crystalline planes. By successive additions of 
copper, this alloy seems to pass into the other without any 
sharp break. 

Possibly both alloys are chemical combinations; and the 
difference of their ordinates probably marks a different allo- 
tropic state. For further information on such questions, how- 
ever, we may look with confidence to Prof. Hughes’s beautiful 
and simple instrament, which will also help us to determine 
whether the relation between conductivity for heat and elec- 
tricity is really as exact as it has hitherto been supposed to be. 


XXIII. Note on. a Determination of the Specific Electrical Re- 
sistance of certain Copper- Tin Alloys. By OLIVER J. LODGE, 
D.Se., Assistant Professor of Physies in University College, 
London. | 


On the 5th of November I received from Mr. Chandler 
Roberts three rods of certain very brittle copper-tin alloys 
which he had with some difficulty cast, in order that I might 
determine their specific resistance per unit of volume by 
ordinary processes, because the readings which the induction- 
balance gave for disks of these three metals indicated that 
their conductivities did not by any means agree with Mat- 
thiessen's curve of electric conductivity for copper-tin alloys, 
though, on the other hand, they did agree with some severely 


* Phil. Trans. vol. cl. p. 161. 
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criticised and discarded experiments of Messrs. Culvert and 
Johnson on the conductivities of these same alloys for heat. 

The rods, which are hereafter spoken of as A, B, and C, were 
about 9 millimetres thick and from 30 to 40 centimetres long. 
The method which I employed to determine their conductivity 
was scarcely altered from that which was described by Prof. 
Foster and myself in this Journal in 1875* ; and the results 
which I have obtained I believe to be somewhat accurate. 
It was not worth while to aim at any very excessive accuracy, 
though the method is quite capable of it (by a calibration of 
the bridge-wire), because the temperature of the alloys was a 
little indefinite, being simply that of the room. 

The three rods were laid end to end in a groove in a long 
piece of wood so that they just projected above its surface ; and 
their ends were then screwed up into secure contact with pads 
of tinfoil between. The resistance of the contacts is not of the 
slightest consequence, provided it remains constant and is mo- 
derately small, all measurements being made within the length 
of the rod itself. 

A bridge-slider was arranged so as to make contact with one 
of the rods at a point whose position could be read by a milli- 
metre-scale fixed at the proper level. The length of the portion 
of the rod examined could be ascertained within the tenth of a 
millimetre ; and the resistance of this portion could also be read 
with great accuracy. The least satisfactory part of the mea- 
surement is the gauging of the diameter of the rod; for they 
are not perfectly cylindrical, and the average cross section has 
to be taken. I would have had the rods turned; only two of 
oe viz. B and C, are far too brittle to be touched with any 
tool. 


The observation of resistance consisted in placing the slider 
at a definite point on one of the rods, and feeling about on the 
bridge-wire with another slider for a point of the same potential. 
The slider on the rod was then shifted to another part of the 
same rod and the bridge-slider shifted correspondingly. The 
shifts on the bridge-wire (German silver) were of course rather 
small ; but they could be read to the tenth of a millimetre ; and, 
moreover, the resistances in the circuit were so adjusted that 
any step along the rods corresponded to a step of 3°62 times 


* Foster and Lodge, “On the Flow of Electricity in a Plane.— Part IL," 
Phil. Mag. December 1875. 
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the resistance along the bridge-wire. It is needless to say 
that a weak battery and a reflecting galvanometer were used, 
and that the contacts were only made momentarily. Asanex- 
ample of the error to be expected I may quote the following. 

Two different steps along rod À gave, as the step on the 
bridge-wire corresponding to the resistance of l centimetre 
length of the rod A, the numbers 

0328 and :0325 centim. 
Two different steps along rod B gave 
*0269 and :0270 centim. 
Different steps along rod C, which was a trifle less uniform, gave 
123, *121, :1177, :1178, :1185, °1171 centim. 

As the step *1185 was deduced from the entire length of the 
rod, I have taken this as the mean. The steps which gave 
:123 and :121 were short ones; and their probable error is 
therefore greater than that of the others. Moreover they were 
made at the thinner end of the not quite cylindrical red. As 
regards the mean cross section of the rods, it was estimated by 
taking a number of readings of the diameters in all parts of 
the rods by means of a micrometer-gauge reading to the hun- 
dredth of a millimeire. 

The mean diameter of rod A was :879 centim. 
» » » B , 87 , 
» » » C ,, :869 , 

The rods had been cast in the same mould ; but C had con- 
iracted more than the others. 

On the 7th of November Mr. Roberts sent me three more 
rods, which I labelled D, E, F, and then determined their re- 
sistance in the same way. . 

The mean diameter of these rods, which were perfectly 
strong and might have been drawn into wire, was 

RS. d d 880 centim. 
E es. ces a. a 780207 Gy 
Dd wre Ole. 3 

These had had their surfaces filed after casting. 

To get the value of the bridge-wire-readings in absolute 
measure, a half-ohm coil of German-silver wire at the tempe- 
rature of the room (i. e. of the bridge-wire) was inserted in 
the place of the rods, and readings taken of the steps corre- 
sponding to it. The scale of magnification was of course again 
observed. Instead of being about 3°6, it was now about 4. 
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The result of the whole series of measurements may be 
summed up in the following Table:— 
Specific Resistances of the six Copper-Tin Alloys 


in square centimetres per second. 


A 12960 
B 10960 
C 41660 
D 11830 
E 17090 
F 15270 


I consider these accurate to the second figure, the third 
figure is probably affected by experimental errors. 

If we choose to express the results in terms of conductivity, 
we have the following :— 


Conductivity of a Centimetre Cube of the six Alloys 
in B.A. units. 


A 77100 
B 91200 
C 21000 
D 84500 
E 58500 
F 65500 


The specific E of the alley C is thus four times that 
of B or D. 

The composition of the alloys by weight, Mr. Roberts in- 
forms me, is as follows :— 


A 19:2 per cent. of copper 80°8 tin. 
B. 61:8 5 5 382 ,, 
C. 68:3 j " 317 ,, 
D. 0*0 ‘5 5 100:0 ,, 
E . 87:4 » 5 12:6 ,, 
F 90:8 » » 9 y 


Some of TR alloys were examined by Matthiessen, viz. 
A, D, E, and F; and the conductivity of a wire 1 metre long 
and 1 millimetre thick is stated by him to be, in terms of the 
B.A. unit, 


of the metal A . . . 60 
- D (pure in . 99 
E 42 


F..... 59 
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To reduce these numbers from a wire to a centimetre cube 


we must multiply them by e) when they become 


fo À . . .. . 76400 
»D..... 75100 

53500 

.. « « 75100 

of which, therefore, A ‘and E agree tolerably with my mea- 
surements on the rods. 

Matthiessen also measured the conductivity of pure copper, 
his number when reduced being 

Copper . . . . 610000 
or about eight times that of pure tin. 

The results may be plotted i in order to compare them more 
readily with the readings given by the induction-balance. The 
abscissz represent percentages of tin ; the ordinates represent 
conductivities divided by 1000. 

Specific Conduetivities of Copper- Tín. Alloys. 


Copper is at a height 610. 


» 


Millionths of a second per square centimetre. 


- " x i - 
0 10 20 30 40 50 60 70 80 90 100 
Percentages of Tin. 
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The continuous broken line joins together my six points of 
observation. The dotted line is Matthiessen’s curve of con- 
ductivity on the same scale, viz. absolute measure, with some 
of his points of observation marked on it; but no alloys be- 
tween somewhere about E and A seem to have been actually 
examined by him. 

The position of pure copper (from Matthiessen’s measure- 
ment) cannot be shown in the diagram: the conductivity 
decreases at such a tremendous rate with the slightest per- 
centage of tin that the ordinate for pure copper is 600 scale- 
divisions, whereas the greatest height shown in the diagram, 
that of the point B, is only about 90. 

It is unnecessary to call attention to the extraordinary be- 
haviour of the alloy C containing 31°7 per cent. of tin (that 
is, the alloy SnCu,), or to point out how easily it might have 
been supposed to be a distinct metal. 


XXIV. On a Suggestion as to the Constitution of Chlorine, 
offered by the Dynamical Theory of Gases. By A. W. 
Rocker, M.A., Professor of Physics in the Yorkshire College, 
Leeds*. 


IF a gas of density ô consists of molecules each of which 
possesses m degrees of freedom, and if also the intermolecular 
forces are negligible, the specific heats at constant pressure 
(cp) and at constant volume (ce) are connected by the two 
well-known equations 

(e, —06)82:0604, . . . . . . (1) 


elt, ....... (2) 


where e is a quantity which depends upon the potential energy 
of a molecule. Hence, if c, is given by experiment, c, can be 
calculated from the first of these equations; and then m+e is 
known from the second. 

The accuracy of the value of m +e thus deduced will depend 
upon that of c,, and on the legitimacy of the application of the 
two equations to the gas or vapour under consideration. 


* Read November 22nd. 
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With respect to the first of these points, it may be remarked 
that E. Wiedemann has recently (Pogg. Ann. Bd. clvii. p. 1, 
1876, and Wied. Ann. Bd. ii. p. 195, 1877) determined the 
specific heats at constant pressure of 14 out of the 35 gases 
and vapours studied by Regnault. The difference between 
the results of the two investigators amounts in two cases only 
(ethylene and ammonia) to 6 per cent. ; in three cases it is 
about 5 per cent., and in all the others less. Thus even on 
the assumption that the later experiments are absolutely cor- 
rect, it follows that Regnault's numbers may be trusted to 6 
percent. His results, however, can only be taken as true for 
the particular temperatures at which the experiments were 
made, as Wiedemann shows that in all but the most perfect 
gases the specific heat at constant pressure varies considerably 
with the temperature. 

More recently still, Wüllner (Wied. Ann. Bd. iv. p. 321, 
1878), using Kundt and Warburg's method, has determined 
the ratio of the specific heats of air, carbonic oxide, carbonic 
acid, nitrous acid, ethylene, and ammonia at 0? and 100? C. 
He finds that for gases which obey Boyle's law, c, and c, are 
constant, but that in the case of less perfectly gaseous bodies 
they increase with the temperature. The difference between 
them, however, is always very approximately constant and 
equal to the theoretical number—thus justifying the applica- 
tion of the first of the above equations to imperfect gases, and 
proving that the observed increase in the specific heats is due 
to work done within the molecules, and not against the inter- 
molecular forces, which must therefore be negligible. 

On the whole, then, the result of these researches is to show 
that m +e can be calculated very approximately from the above 
equations if c, is given, and that Regnault’s values of this 
quantity are probably trustworthy to 6 per cent. 

One of the chief difficulties of the thermodynamic theory of 
gases has been to attribute to m and e values which would at 
once lead to the observed ratios of c, to c» and satisfy any 
rational supposition as to the interior mechanism of a mole- 
cule. Kundt and Warburg proved that for mercury vapour 
= = 1-666, which is consistent only with the supposition that 


the atoms of that substance are smooth rigid spheres. Boltz- 
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mann (Pogg. Ann. Bd. clx. p.175, 1877) and Bosanquet (Phil. 
Mag. April 1877) have since drawn attention to the fact that, 
for a smooth rum surface of revolution, m 25 and e=0, which 


would make 2 = =1'4. The fact, therefore, that this number 


agrees very lossy with those given by experiment for a large 
number of gases (air,O, N, H, CO, and NO) would be accounted 
for by supposing their molecules to be surfaces of revolution. 
This condition would be fulfilled, as is pointed out by Mr. 
Bosanquet, by two spheres rigidly united, and would thus 
accord well with our conception of the atomic constitution of 
the above gases. It would perhaps be better to regard the 
spheres not as rigidly united, but as bound together by forces 
which prevent the separation of their surfaces, while leaving 
them otherwise free to move. The required five degrees of 
freedom would thus be obtained, and the hypothesis would 
better coincide with the supposition of the union of two smooth 
spheres to form the ultimate particles of the gases. 

For a discussion of the difficulties offered to any such theory 
by the spectroscope I must refer to theabove papers; my pre- 
sent purpose is to point out an interesting fact connected with 
its application to chlorine and its compounds. ` 

The maximum number of degrees of freedom which a mo- 
lecule composed of n smooth rigid spheres could possess would 
be 3n ; but the forces in play between the spheres might, as 
in the case of air and the other gases above referred to, reduce 
the number to much below this amount. Thus the value of 
m+e could not exceed, but might be less than 3n+e. For 
gases in which the molecule consists of two atoms, ez 0; but 
in the cases of more complex combinations we can say only 
that, ceteris paribus, we should expect that its value would 
increase with the number of atoms in the molecule. Bearing 
these facts in mind, the following Tables lead to a curious 
result. In the first column of each are placed the symbols of 
the substances referred to. In the second columns are the 
ratios of the specific heats, deduced (except in the case of mer- 
cury) from Regnault's experiments by the use of equation (1). 
In the third are the values of m+e (omitting fractions) de- 
duced by equation (2). In the fourth are the values of 3n, 
where n is the number of atoms of which the molecule is com- 
posed. 
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TABLE I. 
II. III. IV. 
Cp 
Em m-+e. 3n 
1:666 8 3 
1:418 5 6 
1-403 5 6 
1:409 b 6 
1:417 5 6 
1:403 b 6 
1:416 b 6 
1:243 8 9 
1:302 7 9 
1:335 6 9 
1:265 8 9 
1:276 7 9 
1:198 10 9 
1:300 7 12 
1-290 7 15 
1:144 14 18 
1:110 18 27 
1:059 34 45 
1:039 34 45 
1:283 7 27 
1:060 33 42 
1-091 22 30 
1:072 28 36 
1:031 64 78 
TABLE II. 
V. 
18 
12 
30 
33 
36 
30 
30 
39 
89 
39 


The first Table contains a number of simple and more or 
less complex compound gases and vapours; the second is con- 
fined to chlorine and its compounds alone. The difference 
between the two is most marked. In the first the value of 
m + e is for every substance (with one exception) less than 3n, 
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or than the maximum possible value of m. In the second the 
reverse statement holds good in more than two thirds of the 
whole number of cases. 

This difference can hardly be accidental; nor can it be ex- 
plained by an error of 6 per cent. in Regnault’s experiments. 
It might be accounted for by supposing that in the case of 
chlorine e is abnormally large—and that this gas differs from 
others in which the molecule is built up of two spheres, in that 
the spheres are not necessarily in contact, and are probably 
therefore less firmly united. 

Another supposition, however, would meet the case equally 
well, viz. that n has been taken too small, that the symbol Cl, 
is incorrect, and that the atoms of chlorine, and therefore the 
molecules of its compounds, contain a larger number of sub- 
atoms or atoms than has been supposed. It need hardly be 
added that this supposition fits in most satisfactorily with the 
results of the recent researches of Prof. Victor Meyer on the 
vapour-density of chlorine; and in the fifth column of Table II. 
are given the values of 3n calculated on the assumption that 
throughout the first column we ought to write Cl, for Cl. 
Hydrochloric acid now offers a difficulty, as a body composed 
of four spheres could only possess so small a number of de- 
grees of freedom as five if the spheres were rigidly connected 
with their centres in one straight line. With this exception, 
however, columns III. and V. of Table II. now present differ- 
ences of the same sign and order as those in the corresponding 
columns in Table I. 

The number of degrees of freedom attributed to each sub- 
stance may perhaps be wrong by one in some of the simpler 
bodies, and by rather larger numbers in some of the more 
complex ; but the general character of the Tables is probably 
beyond the reach of any such changes. An error e. g. of 6 
per cent. in the specific heat at constant pressure of the tetra- 
chlorides would only reduce the number of their degrees of 
freedom by one. Much greater alterations would be intro- 
duced by taking the specific heats at other temperatures than 
those at which they were determined by Regnault. Chloro- 
form is the only compound of chlorine of which the law of the 
variation of the specific heat with the temperature was studied 
by Wiedemann; and using his results, I find that at 0? C. the 
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number of degrees of freedom of this substance would be one 
less instead of two greater than 15. 

In spite, however, of the uncertainty thus introduced, the 
comparison of the two Tables is sufficiently suggestive to in- 
duce me to lay them before the Physical Society. The fact 
that the application of the theory of gases to the specific heats 
of a large number of substances, determined as far as might 
be under similar circumstances, leads to the alternatives that 
the atoms of which a molecule of free chlorine is composed are 
either less strongly united or are more numerous than in the 
case of other elements, is not unimportant. 

It remains to add that the ratios of the specific heats of bro- 
mine and of the only one of its compounds which has been 
studied agree with those of chlorine and the corresponding 
chlorine compound. 


TABLE III. 
| I. II III. IV v. | 
| <P m-+e. 3n 
| MARS 1302 | 7 6 | 18 
| C, H, Br 1114 18 24 30 


Note.—NSince the above was written, the conclusions at first 
drawn from Prof. V. Meyer's research have been questioned 
(Chem. News, Nov.21,1879, p. 244) on the ground that experi- 
ments made by Seelheim, of Utrecht, indicate the possibility of 
the formation of a volatile chloride of platinum at high tempe- 
ratures. However this may be, the cause of the anomalous 
specific heats of chlorine and its compounds remains to be ex- 
plained; and the above statement of the alternative supposi- 
tions to which the theory discussed leads may not be uninter- 
esting, even if it should be proved that one of them lacks the 
support which, at the time of writing, Prof. V. Meyer's research 
was supposed to afford it. 


169 


XXV. Onthe Graduation of the Sonometer. By J. H. Poyrn- 

TING, M.A., Fellow of Trinity College, Cambridge*. 
Ir seems likely that such valuable results will be obtained 
by means of Professor Hughes’s sonometer, that it is desi- 
rable that some method should be employed to turn its at 
present arbitrary readings into absolute measure, so that, for 
instance, the induced currents caused by different metals in the 
induction-balance may be measured and compared with each 
other. 

In Maxwells ‘ Electricity, vol. ii. chap. xiv., the general 
formula is given for the coefficient of induction of one circular 
circuit on another. Adapting this to the case where two equal 
circular circuits are on the same axis at a distance apart greater 
than the radius of the coils, the following formula is obtained. 

Let a = distance between centres, 

b = radius of either circle, 

c = distance of either circumference from centre of 

other, 
M = coefficient of induction. 
a 4rTb* (1 3D 15% 350 2835 b 
T 

M=- A32 dat ea eet s o a So (D 
or 


4T (1 30 3750 49005 24570 b 
Ju etiga~ 3247 356 a & (D) 
Of these the latter uses directly the distance between the 
centres, the observed quantity—but is not nearly so conver- 
gent as the former, in which c may be at once deduced from 
c= / a? + b. 

To obtain formule which might be strictly applied to the 
sonometer, we should have to consider the more general case 
of two coils of unequal radii b and £, for which I have found 
the formula corresponding to (2), viz. 


y= ATOR (1_ 37.8 , 15D E3U ge ge 


d \2 4 @ 16 a* 
35 55 + 6418? + 6D? 8* + g^ 
-3 — ot 
32 a 
* Read December 13th, 1879. 
VOL. III. N 


&c. (3) 
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We should then have to take the finite integrals of each term 
between the limiting values of b and S. But this would be 
exceedingly complicated and would require a knowledge of all 
the details of construction ; and we may at least get a first 
approximation to the true result by replacing the coils by a 
single one of a radius intermediate between the greatest and 
least radii. 

In Prof. Hughes's paper (Phil. Mag. July 1879) he gives 
the internal and external radii of his coils as 15 millims. and 
21:5 millims. respectively. I have considered, then, that 
25 millims. will give results not very far from the truth; and 
as it makes the calculations considerably easier, I have taken 
that as the value of b and applied the formulz to the numbers 
given in the paper. The resultant current in the middle coil 
was zero when it was distant 47 millims. from one end and 
200 from the other. This enables us to find the ratio between 
the number of turns in the two ends at least sufficiently nearly 
to apply to some of the results. 

Let M, be the coefficient of induction of the larger coil on 
the movable one, M; that of the smaller, the former having m 
turns, the latter n. When the movable coil was 200 millims. 
from the large and 47 millims. from the small coil, since there 
was no induced current, 


mM,=nM3. 
Applying formula (1), we have c for the larger coil 
= 4/200? + 25? —201:5, 
and for the smaller coil 
cm / AT! + 25? 53:2, 
b being the same for both. Then 


hee 4 iz) * s (sors) —&e. } 


Say 7a aa) + (oos) -3 632) 
2 09:2 53:2/ 8 \53-2 
2835 / 25 


8 
256 M33) — 9€ 
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Multiplying each side by 2 and finding the successive terms, 


mx 17 {1—-02308 + -00088— &. | 
=n x SO? {133123 + 18286 —-09422 + -02633, 
or 
= = 43°6. 


n 


I have applied the formula to the results for various metals 
given by Prof. Hughes in a table in his paper. In the table 
below, in the first column are Prof. Hughes’s numbers, i. e. dis- 
tances from the point of no induction. In the second are 
numbers proportional to mM,—nM, ; where M,, M; are the 
coefficients of induction of two simple coils calculated on the 
above hypothesis, m and n the number of turns in the two 
respectively. In the third colamn are the resistances for bars 
of the metal 100 millims. long and 1 millim. in diameter 
(Jenkin, p. 249). In the last column are the products of the 
numbers in the two preceding columns. 


Distance 


Metal. from point of mM, —nM,, pro- 


. R mM,—nM.)R 
no induction. portional to | ms : 

Silver ........ ... 125 178 21 37:4 
Gold ............ 117 136 21 36:5 
Aluminium 112 116 375 49:5 
Copper ......... 100 84 21 176 

©. urena 80 50°] "2 36:1 
A E MEE EE 74 446 170 75:8 
Iron ............ 45 22:46 1:25 28:1 
Leed ............ 38 18:87 2:5 41:2 
Antimony ...... 35 17:35 45 781 
Bismuth ...... 10 575 16:8 96:6 


Mercury has been omitted, as it gives a very much higher 
value than any of the others. Were the induced currents in 
the induction-balance proportional to the resistances given in 
the table, the numbers in the last column would of course be 
allthe same. The deviations from equality are far greater 
than could be accounted for by errors in the approximations I 
bave adopted, especially for the metals not at the beginning 
or end of the list. Hence we are driven to conclude, either 
that the resistances of the metals given in the tables are not 
N2 


172 MR. J. H. POYNTING ON THE 


the same as the resistances of the metals used by Prof. Hughes, 
or that the induced current is not proportional to the conduc- 
tivity of the metal. 

It should be noticed that the method of measuring currents 
by the sonometer assumes that the telephone integrates, as it 
were, the current; i. e. the loudness of the sound depends only 
on the total current, not on the time during which the current 
is passing, provided that the time be very short. I do not 
know whether this point has been investigated; but if not, it 
would probably be easy to examine it by means of the sono- 
meter. It would be advisable to modify the instrument in 
such a way that the formulz might be more easily employed, 
and that the approximations might be nearer to the truth. 


The formule used in this paper may be obtained as follows, 
the method being adapted from that given in Maxwell. 

The potential of a circular unit current at any point is the 
same as that of a magnetic shell of unit strength bounded by 
the circuit. This, again, is the same as the attraction of a thin 
plate of matter of unit surface-density in a direction perpen- 
dicular to the plane of the plate. If « be the attraction of a 
plate of radius b, at a point distant 5 from the plate along its 
axis, 


1 
—99TÍíl— uote 
ene Y, 7) 
ea 
c 
ofl) 1.3b 1.8.50 
B 982 2479 ia a ae. t. 


If we introduce zonal harmonics as coefficients, this becomes 


2 4 6 
w= 27 ; ‘s P,- 2 P, L5 P &c. }. 
This is now the potential at any point in space where 5 « c. 
If there be a second circular circuit of radius 8 on the same 
axis, we may suppose it replaced by a magnetic shell bounded 
by the current and lying on the sphere, with centre at the 
centre of the first current, the radius of the sphere being c. 
This shell may be considered to consist of two layers of 
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matter of equal and opposite densities, y and —y, at distances 
c and c-- dc from the centre. The potential on the second 


layer is 
f pods, 


where the integration is taken over the shell. The potential 
on the second layer is 


-ffe (o + - de) dS, 


the sum being 


but since the strength =1, udc-1, and we have the mutual 


potential 
do 


Replacing the element dS by dp d$, the limits will be for $ 
from 0 to 2r, and for p from 1 to pz. 

Integrating with respect to $, and remembering that c is 
constant in integrating for u, we have 


Mz =r oO du 


= ante | % f Prdu— 5 = 14. an P;dy + &c. L. 


But we have the relation for zonal harmonics, 

: 1l— dP, 

f Pydp— n(n+1) dp 

Substituting, we obtain 
dP, 1.3 Ut dP 
m cade lcu) 5 c. T 
pm IE du 2.433 dw 
1.3.5 b dP; js |J 


2.4.6 5Ó du 


The following are the values for the coefficients (F'errer's 
‘Spherical Harmonics,’ p. 23), both in terms of p and when 
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. g 
we substitute uU? —1— QU 
dPi _ 
dp” 
dP; 3,. 3 p? 
Ge 7 30H G 
dP, 


_15 icu 15 B* oH 
du Tg uen) y (57195 +21 a) 


x48 
dP, _ 8008 uo —3465u4-+ 945pt—35 $5 SORE tho 


dp 16 = 16 á 
dP, 109395u° — 1801804? + 90090u*— 138604" + 315 
du. 138 
_ 5760+ &e. 
^. . 198 
Substituting these values and putting =a +£, 
e 36°+8? 15 U*--3Pg + gt 
anor e a! * 16 a 
35 05 + n + BLE + 8? r- di 
oe — 


The more useful form is obtained by bs c. If we take 
the two circles of equal radius (i. e. b=), we obtain 
2 4 6 8 
Me 45. sti E 155 35% PEA E L. 
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XXVI. On a new Form of Resistance-Balance adapted for 
comparing Standard Coils. By J. A. FrEMiNG, D.Sc. 
(Univ. Lond.), Scholar of St. John’s College, Cambridge*. 

[Plate XIX. ] 

1. Tue British Association Committee on electrical standards, 

concluded their valuable labours on the unit of resistance 

by constructing copies of the selected standard. Certain 
of these coils, some fourteen in number, are at present 
preserved in the Cavendish Laboratory, Cambridge. It is 


* Read December 13th, 1879. 
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important that these coils, which consist of wires of various 
alloys, should be from time to time carefully compared toge- 
ther in order to determine whether the ratio of their resist- 
ances at definite temperatures remains the same*. Observa- 
tions ought also at the same time to be made of the tempera- 
tures at which they agree, and also of their coefficients of 
variation of resistance with the temperature. In using for 
the purpose the ordinary form of divided-metre bridge, seve- 
ral objections present themselves which render it a tedious 
process to determine accurately the difference in the resist- 
ance of two coils at different temperatures, and hence to deduce 
their variation-coefficients. It seemed, on consideration, that 
a modification of the usual form of Wheatstone’s bridge would 
render these processes more expeditious and at the same time 
more accurate. It is the object of the present paper to de- 
scribe a form of resistance-balance which has been recently 
constructed for the Cavendish Laboratory, and which expe- 
rience shows to have several decided advantages over the old 
form. 

2. Description of the Resistance-balance.—A circular disk of 
mahogany 18 inches in diameter and about 1 inch thick (/) 
(Pl. XIX. figs. 1 and 2) stands upon three short feet L. Upon 
this, and concentric with it, is screwed down a disk of ebonite 
14 inches in diameter and 3 of an inch thick (e). This ebonite 
disk has a semicircular groove turned in its cireumference. The 
circular wooden base extends on one side into a narrow rect- 
angle (7) 4 inches wide and of the same thickness as the disk. To 
this are connected two other rectangular pieces (^,7,) which are 
joined together by slotted brass bars (y, see fig. 2) underneath, 
in such a manner as to permit the two intervals to be made 
wider or narrower at pleasure. This promontory is of wood, 
of the same material and thickness as the disk /, and is sup- 
ported and levelled by three levelling-screws n, n',n". Through 
the centre of the ebonite disk passes a brass centre-pin D D’ 
(fig. 2), on which is centred a brass arm, H H', capable of 


* A detailed and most careful comparison of these coils was made by 
Prof. G. Chrystal and Mr. S. A. Saunder in 1875; and their Report 
is printed in e.rtenso in the Report of the British Association at Glasgow 
in 1870. This is the most recent occasion on which these coils have been 
examined. 
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revolving round just clear of the disk. Beneath the arm, and 
soldered to it, is a short brass spring æ, which depends verti- 
cally downwards. This spring carries at its extremity a small 
prism of platinum-iridium with one edge vertical and turned 
inwards. In the groove turned in the disk e is stretched a 
platinum-iridium wire about -$ of an inch in diameter. The 
wire extends round about 3$ of the circumference, and is 
about 39 inches long; and the groove is of such a size that 
the wire lies with exactly half its thickness imbedded in it. 
This wire is represented by the thick black line A C A' in 
fig. 1. The ends of this wire are soldered to copper strips 
k, k. On the wood rectangles j, h, i is fastened an arrange- 
ment of longitudinal copper strips, k, k, which connect toge- 
ther eight transverse square copper bars in the manner shown 
in fig. 1. On the ends of these transverse bars are fixed ver- 
tical copper pins 45; of an inch in diameter and 4 of an inch 
high. On these pins are slipped short lengths of india-rubber 
tube which extend beyond the pins, so that they form small 
cups about 1 inch deep, p’ (see fig. 3). The top of the copper 
pin is well amalgamated with mercury, and forms the bottom 
of the cup. These cups are filled about a quarter full of mer- 
cury. On the longitudinal strips of copper are fixed three 
binding-screws B, B^, G; and a fourth (G^) simply goes through 
the wood, and is connected by a wire ¢ underneath the base- 
board with the centre-pin D, and is therefore in metallic con- 
nexion with the spring z. The battery is connected with the 
terminals B, B', and the galvanometer with the terminals 
G, G’. To the arm H H' is adapted a trigger, T, of such shape 
that when the button w, which is of ebonite, is pressed down, 
the spring c, carrying the platinum-iridium knife-edge, is bent 
inwards until it touches the wire strained round the circum- 
ference of e. The arm carries a vernier N, which travels round 
sunk in a shallow groove in the face of the ebonite disk ; and 
the ebonite is graduated on the face on the margin of the 
groove. The graduations are cut into the ebonite, and then 
rubbed over with powdered chalk mixed with gum and water. 
This gives a graduation very legible and pleasant to look at. 
The length of the wire is just one thousand divisions ; and the 
vernier enables these to be divided into tenths. The zero of 
graduation is so placed that, when the pointer of the vernier 
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reads zero, the knife-edge on the spring « is exactly opposite 
the extremity of the platinum-iridium wire. 

It is thus clear that the revolving arm carrying its knife- 
edge can be moved round so that, on pressing the trigger- 
button w, the knife-edge makes contact at any point of this 
wire, and thus connects this point with the terminal G’. 

This part of the arrangement answers to the sliding block 
and piston-contact piece of the ordinary divided-metre bridge. 

3. Method of using the Balance.—Let now two resistance- 
coils of about equal resistance be provided, and let the coil- 
terminals of one coil be placed in the mercury-cups p and r, 
and those of the other be placed in q’ and s’. And let two more 
coils be taken of not very unequal resistance which it is de- 
sired to compare with each other, let the terminals of one be 
placed in the mercury-cups a and c, and those of the other in 
b' and d’. It will then be seen that if a battery be connected 
with B B', and a galvanometer with G G/, that we have the 
usual Wheatstone's bridge arrangements (see fig. 5 on page 
179, which gives a diagram of the connexions). Two quart 
Leclanché cells are best suited for ordinary use. Ifa more 
powerful battery is used, there is danger of heating the plati- 
num-iridium wire, and so expanding it that it may slip down 
out of its groove. 

The coils in the intervals between the cups p and r and g’ 
and 8 form two branches; and the coil in the interval between 
a and c, together with the resistance of the platinum-iridium 
wire round to the place where the spring x touches it, forms 
the third branch, whilst the coil in the interval b d’, toge- 
ther with the remainder of the wire, forms the fourth. The 
* bridge" -wire consists of the arm H H' and the wire under 
the base-board together with the galvanometer inserted be- 
tween G and G’. By moving round the arm H H’ and press- 
ing the button w, we can find a position where there is no 
current through the galvanometer. The copper strips k k are 
made of copper so thick that their resistance is practically 
nothing. Having established a balance between the conduc- 
tors and read the vernier, the next operation is to lift up the 
legs of the coil which were inserted in the cups a and c and 
drop them into the cups b and d. Likewise a similar change 
is effected on the other side; the terminals of the coil inserted 


178 DR. J. A. FLEMING ON A NEW 


in b and d' are changed to a’ and c’. An examination of the 
connexions as shown in fig. 1 will show that the result of the 
operation is asif the coils had changed places whilst preserving 
their former connexion. Now let the arm be moved round 
and a fresh position of equilibrium found by pressing the 
trigger and reading the vernier. A little consideration will 
show that the difference of these readings gives the difference 
between the resistances of the coils in terms of a length of the 
bridge-wire ; for the amount by which one coil exceeds the 
other in resistance is equal to the resistance of that part of the 
bridge-wire included between the two readings*. In order 
to render this method of determining the difference of the two 
coils practicable, the platinum-iridium wire must be exceed- 
ingly uniform in resistance, or else a Table of calibration will 
have to be made. Great pains were taken to procure a length 
of wire as uniform in size and resistance as possible; and con- 
siderable care was taken, in laying the wire in its groove, not 
to strain it in any way. It lies evenly in its groove, just suf- 
ficient tension being put upon it to keep it in its place. The 
whole resistance of the wire from end to end is not far from 
gis of an ohm at about 15? C. 

The wire was carefully calibrated by measuring the differ- 
ence in the resistance of two pieces of thick brass wire of such 
lengths that the difference of their resistances was about equal 
to that of thirty divisions of the bridge-wire ; and this differ- 
ence was measured at about a hundred different equidistant 
positions all along the bridge-wire, and found to be so nearly 
the same that no Table of calibration was deemed requisite. 
To protect the bridge-wire from injuries, as well as to preserve 
it from being heated by radiation from surrounding bodies, a 
wooden ring, vv, is fastened down on the base-board. The 
ring is 1] inch wide and ł inch deep; and its internal 

* This method of obtaining the difference of two resistances in terms 
of a length of the calibrated bridge wire was suggested by Prof. G. C. 
Foster, F.R.S., in & paper read before the Society of Telegraphic Engi- 
neers, May 8, 1872. In this paper is given an account of the method of 
calibrating a wire. It is obvious, without any further proof, that if the 
coil placed in a and c exceeds in resistance that placed in b and d, then 
on exchanging them, since the united resistance of coils and bridge-wire 
remains the same, that the contact knife-edge must be moved back along 
the bridge-wire by & length exactly equal in resistance to the excess of 
one coil over the other. 
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diameter is 1 inch greater than that of the ebonite disk. The 
wire, therefore, lies hidden away on the side of a square-sec- 
tioned circular tube; and, furthermore, a shield of cardboard 
faced with tinfoil lies upon the face of the disk e, extending 
jast beyond the ring. An aperture is cut in this shield to 
permit the passage of the trigger, as well as to allow the 
vernier to be read. By this means the wire is not only out of 
sight, but out of reach of all radiation as well as mechanical 
injury. 


4. Method of determining the Variation-coefficients of Coils.— 
To determine the variation-coefficient of any given coil we 
proceed as follows:—Three other coils are provided, two of 
them nearly equal in resistance, which we will call 1 and 2. 
A third coil, 3, must be taken whose resistance is nearly equal 
to that of 4, the coil whose variation-coefficient is desired (see 
fig. 5). The terminals of 3 are inserted in the mercury-cups 
a and c, those of 4 in b and d', those of 1 in p and r, and 
those of 2 in g’ and 4. Now the operation to be conducted is 
to keep the coils 1, 2, and 3 at a fixed temperature, and to 
keep 4 successively at two known temperatures, differing by 
about 15? Cent., and to obtain the difference of the resistances 
of 3 and 4 at these two temperatures. The difference of these 
differences, divided by the difference of the temperatures, is 
the mean coefficient of variation of resistance between these 
temperatures. The chief difficulty to be contended with is 
that of keeping the temperature of the coils constant during 
the operation, and of ascertaining what that temperature is; 
for, as Prof. Chrystal has remarked in his report (Brit. Assoc. 
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Report, 1876), it is not easy to tell whether the temperature 
of the water in which the coil rests is identically the same as 
that of the wire, since the latter is imbedded in a mass of 
slowly conducting paraffin. To reduce as far as possible the 
difficulty of keeping the coils at a constant temperature, they 
are placed in water-vessels made of zinc (see fig. 3, Pl. XIX.). 
These water-boxes are composed of two cylindrical vessels—an 
outer case 9 inches high and 8 inches in diameter, and an inner 
one of lesser size ; the two are connected at the top, so that they 
form a sort of jar with hollow sides and double bottom. This 
interspace forms an air-jacket. Around the inside vessel near 
the top is a row of small holes; and two tubes communicate at 
the bottom—one with the inner vessel, and the other with the 
annular interspace. The top is closed by a wooden lid with 
apertures for thermometer and stirrer. Water can be made 
to flow from the supply-pipes into the inner vessel ; it rises up 
and overflows through the holes, and drains away down the 
interspace and out by the other pipe. The bodies of the four 
coils are placed in four water-boxes of this description; and 
water from the town mains being sent in a continuous stream 
through all four water-boxes, the coils are rapidly brought to 
and maintained at a known temperature. Any desired tem- 
perature can be given to one coil by leading warm water from 
a cistern into its vessel. The annular air-filled space renders 
the rate of cooling very slow. Hence the coils, once at the 
desired temperature, can easily be kept there. Fig. 4, Pl. XIX., 
gives a sketch of the arrangement, two of the water-boxes 
being removed to show the connexions. 

The advantage of the somewhat complicated arrangement of 
copper bars will now be seen. We can, without withdrawing 
the coils 3 and 4 from their water-boxes, and without in any 
way disturbing the other arrangements, reverse the position of 
the coils 3 and 4 on the bridge, by simply lifting up the legs 
half an inch and changing the mercury-cups into which they 
dip. Thus the legs of coil 3 are changed from cups a and c 
to b and d, and those of coil 4 from 0’ and d' to a’ and e. 
This exchange does not occupy more than a few seconds; and 
hence we can obtain the two readings necessary to give the 
difference of the resistance of the coils 3 and 4 when they are 
at different temperatures in a very short time. During this 
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short time the temperatures of the two coils will not change 
perceptibly, protected as they are by an air-jacket. 

In the ordinary form of straight bridge there is considerable 
trouble in exchanging the coils, because the water-vessels have 
to be moved and the mercury-cups readjusted; and all this 
time the coils are cooling ; so that the two readings are never 
made under the same circumstances as regards temperature. 
Beginning, then, with all four coils at the same temperature, 
we take the difference between 3 and 4. To get them all at 
the same temperature, water from the town mains is allowed 
to circulate through the system for half an hour. At the end 
of this time the difference of 3 and 4 is taken; and several read- 
ings are taken at small intervals of time to see if the tempe- 
ratures are constant. This being done, the temperature of 
coil 4 is raised by the introduction of warm water until it is 
about 15° above that of coil 3. It is best to raise the tempe- 
rature about 20° above the other at first, and keep it there for 
20 minutes, and then let it fall very slowly. In this way coil 
and water cool together, and an equilibrium of temperature is 
established between them. The difference between 3 and 4 is 
again taken; and from these two readings we have, as seen 
above, the mean variation-coefficient between the two tempe- 
ratures. Another method, which would probably be a more 
accurate one, for obtaining the mean coefficient of variation 
between 0? C. and 15? C. would be to wait until the tempe- 
rature of the water in the town mains was about 15? C., and 
then to keep three of the coils at that temperature, and to cool 
the fourth by means of ice to zero. If then all four were kept 
at 15° and the observations repeated, we should have the 
means of finding the variation-coefficient of the fourth coil 
between 0° and 15°. Prof. Chrystal, in his report, threw out 
the suggestion that resistance-coils should have a thermoelec- 
tric couple attached to them, one junction being buried in the 
heart of the paraffin surrounding the wire, and the other out- 
side. This has been tried in some coils recently made, and 
proves a satisfactory method of ascertaining the equilibrium 
of temperature between the wire and the water. 

Another source of error in the ordinary methods arises from 
uncertain or variable resistances at the mercury-cups. It is 
important that the copper legs of the coil-terminals should 
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press very firinly against the tops of the copper pins on which 
the india-rubber-tube cups are fixed. To ensure this, the plan 
adopted is to fasten on the coil-legs an ebonite clamp. Along 
the edge of the wooden promontory, j ^ i (fig. 1), are put brass 
pins m; and by means of steel spiral springs fixed to these and 
attached to the clamps the coil-legs are pressed down very 
firmly (see fig. 3). The ends of the pins which carry the 
india-rubber cups and the ends of the coil-legs being well amal- 
gamated, we get, when they are thus firmly pressed in contact, 
a very good joint, and one whose resistance is small and con- 
stant. If the clamps are not used, then one leg may get lifted 
up a little, and thus a short length of mercury interposed, 
which leads to an error in a reading. 

9. Example of a determination of the Variation-coefficient of 
a Coil.—The whole resistance of the platinum-iridium wire is 
very nearly 0°0512 of an ohm, or not far from 4; of an ohm, 
at about 15° Cent. As the whole length can be divided by 
the vernier into 10,000 parts, this gives as the value of 41; of 
a division 554555 of an ohm. 

The unit in the following example is 4*5 of a division. To 
secure the greatest accuracy of measurements a low-resistance 
galvanometer must be used. I am in the habit of using one 
having a resistance of about half an ohm. The image ofa wire 
strained across a slit is reflected on a scale in the usual way, 
and read at a distance by means of a telescope. This galva- 
nometer will give an indication, when used with precautions, 
due to a difference of one tenth of a division when comparing 
two ohm coils. But as the temperature can hardly be mea- 
sured with certainty to within less than 3, of a degree, this 
alone renders such refinement of reading nugatory, in the ab- 
sence of better methods of ascertaining with certainty the real 
temperature of the wire. 

Two coils were compared. Call them F and K. K is the 
coil whose variation-coefficient is required. 


I. Difference of Resistance of Coils F and K at 11° Cent. 


| Bridge-readings. Difference. 
Exp i. ...... OOO 4955 45 
Exp. ii. ...... 5000 4954 46 
| Exp. iii...) —— 000 


4055 45 
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The first column gives the number of experiment, the second 
the reading with the coils F and K in one position on the 
bridge, the third when F and K are reversed or have exchanged 
places on the balance; and the fourth gives the difference of 
their resistances at 11? C. in units of the bridge-wire. 


II. Difference of Resistance of Coils F and K at 28?2 Cent. 


Bridge-readings. | Difference. 
EM: REPE 

Exp. i ...... 5439 4492 947 
Exp. ii. ...... 5442 4497 945 
Exp. iii. ...... 5440 4490 950 


As before, the fourth column gives the difference of F and 
K at 28*2 C. Taking the mean difference at 28?:2 C. to be 
947 units, and that at 11° C. to be 45 units, we have 

947 —45 

28°2—11 
as the mean variation-coefficients between 11° C. and 28° C. 
in units of bridge-wire. Since the coils F and K are approxi- 
mately ohm coils, this gives as the variation-coeflicient of tho 
coil K :0262 per cent. This coil is of platinum-silver wire. 
These three determinations occupied about an hour and a half, 
during which time many more readings were taken, all closely 
agreeing with the above. The actual measurement of the 
differences requires but a few moments to effect, the principal 
expenditure of time being that required to bring the coils 
to the same temperature as the water. 

In conclusion, I may state that this resistance-balance has 
been constructed in the workshops of the School of Mechanical 
Engineering at Cambridge, under the direction of Prof. Stuart. 
Great care was taken in laying on the wire so as to avoid 
straining it in any way; and the performance of the instrument 
is consequently very satisfactory. I should also express the 
fact that this excellent performance is due to the supervising 
care of Prof. Stuart, who not only supplied several of the 
details of the construction, but aided, by his valuable sugges- 
tions generally, during the process of carrying out my rough 
designs into a practical form. 


—592'4 units 


Cavendish Laboratory, Cambridge, 
December 1879. 
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XXVII. A Dispersion-Photometer. 
By Joun Perry and W. E. AynroN *. 


IN measuring what is usually termed the power of a light, 
it is common to have a screen placed at such a distance 
from the light that its illumination is equal to that which it or 
another screen receives from a standard candle. Now, ifa 
standard candle is, say, one foot from a screen, an electric 
light of, say, 6400 candle-power must be placed at the distance 
of 80 feet from a screen to give the same illumination. That 
a great distance like this should be necessary, and in a chamber 
whose walls are supposed to be blackened, in the laboratories 
of works where electric lights are usually examined, has placed 
great difficulties in the way of exact determinations of the 
powers of lights. Our experience in experimenting with elec- 
tric lights leads us to believe that, but for this difficulty, we 
should have a vast body of information on the subject of elec- 
tric lighting, instead of the vague and conflicting statements 
which fill the scientific journals. Perhaps only those who 
have made experiments will appreciate fully the great advan- 
tages of our having some compact form of photometer. The 
members of the Society will no doubt see many applications 
of a compact photometer, such as measuring the light from 
various parts of the sky for instance, in which ordinary pho- 
tometric methods are unavailable. Now our instrument will 
resemble a camera; and it may be turned in all directions. 

We were delighted to hear from Dr. Guthrie that his prin- 
ciple of a “ retention-image photometer,” recently communi- 
cated to the Society, has proved to be correct quantitatively. 
The success of his test must be as interesting to physiologists 
as to physicists. Besides testing his principle by using pow- 
erful lights, he will have experiments to make concerning the 
loss of light in reflection, as we shall have concerning loss in 
retraction. Probably, however, he does not intend to apply 
his instrument to powerful lights, on account of the very 
great difficulty he would meet with in measuring the breadth 
of the fine slot which would be needed. 

In ordinary photometric methods, the rays of light illumi- 


* Read December 13th, 1870." 
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nating unit area of screen, if coming from a powerful source, 
are contained in a very small solid angle. We use the very 
simple expedient of causing these rays to fill a much greater 
solid angle by passing them through a thin concave lens, and 
in this way obtain the same amount of illumination as before, 
but on a screen placed at a short distance behind the lens. 
Thus we not only save space, but prevent a great deal of the 
absorption which occurs when light passes through air. This 
absorption is sometimes very great in London. We have, 
however, absorption in the lens as a disadvantage; but with a 
very thin lens this may probably be reduced to an almost in- 
appreciable amount. 

A is the light to be measured ; D is a paper screen illumi- 
nated by light passing through the concave lens E. The 
frame F, which carries the lens, slides on a stand G, which 
has marked divisions, so that a pointer tells the distance from 
the focus of the lens to the screen D. The sides of the space 
F D are of black cloth, like the sides of a folding camera; and 
the inside is all blackened except the screen D. A circular 
plate with three round holes of different sizes is in front of 
the lens. A diaphragm of this kind is not necessary, if we can 
be assured of there being no reflection from the inside of the 
box. Beside the instrument, and containing the standard 


candle, is a box blackened inside, in one end of which is a 
screen similar to D. If D is the distance from the light to 
the lens and d is the distance from the principal focus of the 
lens to the screen; if 6 is the focal length of the lens, then, 
roughly, a bundle of rays of unit solid angle gets to have, after 
refraction, an angle " 


8 b 
VOL III. (0) 
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as D is always great in comparison with 6. If L is the total 
light, then the unit angle of incident rays and the unit angle 
of refracted rays have amounts of light 


Loa b. 
Am DC am^ DU 
so that a screen at the distance d from the focus of the lens 
has illumination of the intensity 
E ud. 
4r D! di 
If, now, another screen has the same illumination from a candle 


whose total light is unity, at the distance D; this illumination 
ia 


1 ^L È 1 
rD? dm D P’ 
and hence 
p- v..& 
p: 


A double-concave lens, of focal length 1 centimetre, being 
employed, and d being capable of variation from 40 to 10 cen- 
timetres, and D being as much as five times D,, we can mea- 
sure in a very small space a light which is from 40,000 to 100 
times the standard candle. 

We propose to make careful experiments on the absorption 
in passing through the lens; and by interposing thin plates of 
glass between the standard candle and its screen to produce 
there a similar absorption, we have no doubt that measure- 
ments may be made with this instrument with much greater 
accuracy than is possible by the ordinary method. 

The power of the light is practically, therefore, proportional 
to the square of the product of the measurable distances. It 
will be, of course, unnecessary to measure the variations both 
in D and in d, as the scale can be so graduated as to give both 
distances at one reading. 
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XXVIII. On Intermittent Currents and the Theory of the 
Induction-balance. By Oxtver J. Lopar, D.Sc.* 


1. Tae telephone, considered as a scientific instrument, seems 
destined to play an important part as a detector of minute cur- 
rents of rapidly changing intensity ; and the general theory 
of intermittent currents is being brought into prominence by 
its use. 

The equations to which most attention has been hitherto 
directed have been those relating to the steady flow of a cur- 
rent after the initial inductive or inertia-like effects have sub- 
sided ; and in arrangements such as the Wheatstone bridge, a 
double key is commonly used, in order to allow the introduc- 
tory stage to subside before any observation is taken. The 
galvanometer is essentially an instrument for measuring steady 
currents, or for giving the algebraically integrated expression 
for the total quantity of electricity which has passed in the 


case of transient currents; that is, idt, T being small com- 
0 


pared with the period of swing of the galvanometer-needle. 
Again, the electrodynamometer has an important use as an 
integrator of the current without paying attention to sign; 


that is, its indications give the value je dt, where again 7, 
0 


the total duration of the current, is small. 

But the telephone-plate has such a very small period of 
swing that the same 7, which is vanishing compared with the 
time of oscillation of a needle, may be many times greater than 
that of the telephone-plate. Moreover the plate is not limited 
to one mode of vibration, but can have minor vibrations su- 
perposed on the fundamental; so that it can enter into the 
changes going on, and render minute fluctuations audibly ap- 
parent which would in more slowly moving detectors be simply 
merged in the total effect. | 

Thus a rapidly alternating current (such as the telephone 
itself produces), which is totally unfelt by a galvanometer, is 
appreciated by a telephone-plate in its variability—the pitch 
of the note indicating the number of vibrations, even if they 


* Read on the 24th of January, 1880. 
o 2 
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are so rapid as to produce a shrill whistle. The telephone, in 
fact, does not integrate the current, but gives all its fluctua- 
tions within certain limits. 

The complete theory of the telephone, setting forth precisely 
on what the loudness of its indications depends, would be a 
most interesting and important investigation ; but if it has 
been attacked, I am ignorant of it, It seems probable that the 
loudness of the sounds will be found to depend upon the am- 
plitude of the vibrations of the plate and upon their velocity 
conjointly—in other words, both on the total change of the 
current and on the rate at which the change takes place; i. e., 
in the symbols hereafter to be used, that the loudness is a direct 


function of j 3. I shall not, however, assume anything of 


this sort, but shall content myself with simply finding the 
value of the current j as a function of the time, leaving the 
rest to be done subsequently. 

It is quite true that the telephone is only an indicator and 
not a measuring-instrument; but so many null methods can 
be devised which permit measurements to be made with a 
simple detector, that it is probable that it will have important 
applications in this capacity also. And hence I think the 
general theory of intermittent currents, or of currents in the 
variable stage, will come into more prominence than hitherto. 

The induction-balance furnishes an illustration. Dove made 
experiments with it; and Felici established the laws of current 
induction by its aid: but its power as an instrument of research 
was never appreciated till Prof. Hughes applied to it an inter- 
mittent current and a telephone. 

Faraday interposed blocks of copper between a primary coil 
and a secondary connected with a galvanometer, and was sur- 
prised to find that the effect at make and break was precisely 
the same with the copper as without it*. It was, however, 
afterwards found that the physiological effects were very dif- 
ferent, being much less when the copper was present —thus 
proving that though the copper did not affect the integral flow 
of electricity, yet it greatly affected the time during which 
that flow took place. 


* Exp. Res. arts. 1721, 1735. 
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Dove repeated Faraday's experiment more perfectly by 
means of an induction-balance, and showed that no non-mag- 
netic media produced any effect appreciable by a galvano- 
meter. 

Thus may numerous phenomena be overlooked with a gal- 
vanometer which with a telephone become obtrusively evident. 

2. My attention was more particularly directed to the sub- 
ject by an observation which was made by Mr. W. Grant, 
assistant in the Physical Laboratory, University College, and 
which I have his permission to describe. 

The intermittent current from a mouth-telephone, or the 
induced current from a clock-ticking microphone and coil, 
is sent through a long helix of wire wound upon a bobbin, 
with another similar but quite disconnected wire wound along- 
side it. A telephone and ear are also arranged in the cir- 
cuit of the first wire, and the loudness of the sound observed. 
The disconnected wire, which is wound on the same reel as 
the first, now has its two ends joined up so that it itself forms 
a closed circuit: the loudness of the sound is thereby consi- 
derably increased. The secondary circuit is broken again, and 
the sound again becomes faint. The strengthening on closing 
the secondary circuit is so great, indeed, that short-circuiting 
the primary so as to shunt out all its resistance, scarcely pro- 
duces any additional strengthening effect. In other words, a 
moderate resistance (several ohms) may be thrown into a 
telephonic circuit without the slightest appreciable weakening 
of the effect, provided a second wire coiled alongside the first 
be arranged so as to form a closed circuit. If a second tele- 
phone be put in circuit with this second wire, it will give 
about the same indications as the other; and this may some- 
times be a good way of working two telephones. 

The rough general explanation is, of course, not far to seek. 
The extra currents, which at first oppose the primary, are 
able to form in the secondary when its circuit is closed ; and 
hence the changes in strength of the primary are more rapid, 
and therefore more complete. 

An obvious modification is, to arrange both speaking and 
hearing telephone in circuit with both the parallel coiled 
wires in series, first, so that the currents flow the same way 
in both wires, and then with one wire reversed ; so that in 
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the first case the self-induction is a maximum, and in the other 
almost zero. 

Any one who tries this experiment will at once appreciate 
the very decided difference in the telephonic indications. In 
fact, resistance is of much less consequence in a telephone- 
circuit than is self-induction. This fact obviously explains 
the discrepancy which has been observed between experiments 
on resistance-bobbins thrown into a telephonic circuit in a 
laboratory, and the same resistance when forming an actual 
line. The resistance-coils are wound so as to have no self- 
induction; and they accordingly weaken the effect very little. 
It is surprising how many thousand ohms can be thrown into 
a talking circuit without stopping a conversation. But if the 
bobbins were wound all in one direction, they would be still 
worse thari a line-resistance. 

3. It is plain from this that the only right method of arran- 
ging a telephone-line is to have two wires running close 
together—one for the direct, the other for the return current. 
This arrangement has, I believe, been used in order to avoid 
induction-effects from battery-currents in neighbouring wires; 
but it has also the great advantage of diminishing the self- 
induction of the wire itself. It is, however, a question how 
far the increase in electrostatic capacity would militate against 
this advantage in a very long land-line. It is certain to be 
injurious as far as it goes; but ifthe wires are very thin, their 
electrostatic capacity will be but small. 

In the case of a cable the double wire would have decidedly 
less capacity than a single wire ; and the capacity diminishes 
rapidly with the size of the wire. Hence it appears that a 
telephone-cable should have a pair of exceedingly fine insu- 
lated wires of the very highest conductivity pretty close toge- 
ther in a large insulating sheath. 

I need hardly say, perhaps, that no advantage will be gained 
by attempting to do away with the self-induction of the tele- 
phone-bobbin itself by means of a second wire wound along- 
side the first and forming a closed circuit—because the inter- 
mittent currents induced in this would be nearly as strong as 
those in the direct circuit, and, being always in an opposite 
direction, will nearly neutralize their intermittent effect on 
external coils or on the telephone-plate. 
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I propose now to work out the theory of the induction- 
balance, and of one or two other cases of intermittent currents, 
as completely as possible without taking into account the elec- 
trostatic capacity of the wires. It would be very interesting 
to obtain the perfectly general equations; but they are very 
complex, and appear to be beyond me at present. 


General Theory of Current-Induction. 


4. The general theory of the establishment of a current ina 
number of circuits of known resistance, in one or all of which 
a given electromotive force begins to act, was begun by Helm- 
holtz and Thomson, who independently showed that the fact 
of the existence of induced currents, discovered experimentally 
by Faraday, as well as the laws of the same, could be deduced 
mathematically from the electromagnetic attractions of Oersted 
and Ampére by means of the principle of the conservation of 
energy. The complete theory, it is needless to say, is to be 
found in Maxwell's * Electricity, and also in that admirable 
digest of the whole subject, Professor Chrystal's article in the 
Encyclopedia Britannica. 

Suppose there are n circuits of resistances r,, 73,..., in sadi 
of which “impressed” electromotive forces E,, E,... begin 
to act at the same instant ; then the strengths of the currents 
d, 35... in the several circuits at any time ¢ afterwards are to 
be found by the following set of n equations— 


. d f : i560 
E =r} = dt (Mat + M55 T... Mts), | 


. d , : 
E,—755— 5, (Mah + Maste +... + Manin), | x (1) 


E,—r,i,= s (Mut + Masts +.. e + Munin), | 


where My, is a double integral, called the coefficient of mutual 
induction between the circuit / and the circuit k. 


Induction-balance. 

5. Now in the induction-balance as ordinarily arranged 
there are three such circuits, with the coefficients M all con- 
stant, and two of them without any electromotive force. The 
first, or battery-circuit, consists of a battery and two equal 
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coils, and it also contains some kind of intermittent break or 
microphone ; the second is the telephone-circuit, and consists 
of two equal coils and a telephone ; and the third is complete 
within the coin or other piece of conducting matter in the 
neighbourhood of one pair of the coils of the other circuits. 
The general yalue of the telephonic current at any instant 
after a make has occurred in the primary would therefore be 
obtained by the solution of a linear differential equation of the 
third order with constant coefficients. 

But the problem may be simplified by observing that the 
* coin" is not introduced until a perfect ‘balance ” has been 
obtained between the first and second circuits—that is, until 
they are conjugate to one another so that M,,=0. Moreover 
the coefficients of induction between the two coiled circuits 
and the coin are ordinarily sufficiently small for their squares 
to be neglected ; in which case, as will be shown more fully 
later (sections 12 and 13), the above set of equations reduces 
to the "— 


M, fà 14 0 + 0 Tnóz-E, 


0 +Ma 4 Mas +r = O, 


di di : 
My, a+ 0 Ma T 15520, - 
or, as I shall for — convenience write them, 

LS +Ri=E, | l 
dj, dk todo xw c& X2) 
Ut gi +rj=0, | 
dk di 

Aq TP j; +Pk=0, j 


where the three coefficients of self-induction are written L, l, 
and X (X being very small); and where the battery-current is i 
the telephone-current is j and is small, and the current in the 
coin is k; m signifies the effect of the coin-current on the 
telephone-circuit, and p the effect of the primary circuit on 
the coin. The effect of the primary on the secondary (M) is, as 
already explained,supposed to be 0; that is, balance is supposed 
to have been obtained before the insertion of the coin. p, or 
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the resistance which the current circulating in the coin experi- 
ences, is a quantity which is likely to be several times larger 
than the specific resistance of the material (i. e. the resistance 
of a centimetre cube); but for ordinary coins it is a number 
of the same order of magnitude. It must be remembered that 
R and L stand for the resistance and self-induction of the 
whole of the battery-circuit, and, similarly, r and / include the 
telephone-coil as well as the other two coils of the telephone- 
circuit. 

Now the only difficulty in solving these equations consists in 
the varying resistance of the battery-circuit, in which a con- 
tact-breaker, or clock-ticking microphone, or some other ar- 
rangement for producing an intermittent current is inserted. 
I shall therefore leave the consideration of the induction- 
balance for the present, and examine the case of a primary 
circuit in space by itself and having a break and make in 
some part of it. Then we will consider the case of an inter- 
mittent primary in the neighbourhood of a closed secondary; 
and after this it will be easy to apply our results to the induction- 
balance. 


On the Law of Variation of a Battery-current in a solitary 
Circuit. 

6. Let a battery of constant electromotive force E act in a 
circuit whose total resistance may be suddenly changed from 
the value R to the value 8, and let L be the coefficient of self- 
induction of this circuit. Then the current t at any time ¢ 
after the change of resistance has occurred is to be found from 
the equation " 

t ° 
Lj, "E, gd x bue. ow 9) 
with the initial condition i25 when (20. This gives us in 
the integral form | 


Z = P . . e e 4 
i g (1+ per ) (4) 


Putting R=, we get the well-known expression for the 
current at ** make," 


i= Sü-ei5. ee eee 


Putting S very large, we get an expression for the current at 
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partial break, provided there is no extra-current spark at the 
surface of separation, 
bcp (6) 

It will not do to put S=oo, because it is impossible to make 
the resistance suddenly infinite, i. e. to stop the current instan- 
taneously. : | 

7. It is difficult to get a reasonably correct expression for 
the value of the current at break. We may suppose that, by 
separation of two portions of the circuit, the resistance is sud- 
denly changed from R to a quantity which would be § if the 
current instantaneously ceased, but which is much less than 
S for a very short time, owing to the heat generated by the 
current itself. The temperature of the spark at any time ¢ 
after the break is to be found, we may suppose, from such an 
equation as this, 


meh — fre? — H6)at, 
0 


where H is the cooling-constant. The mode in which the 
resistance of air changes with temperature is unknown ; so we 
may assume any simple and not improbable law, such as that 
the decrement of resistance is proportional to the increment of 


temperature, or 
dr=—k dé, 


where & is a constant. From these two equations r has to be 
obtained as a function of the current i and of the time £; and 
then its value has to be substituted for S in equation (3). As 
a first approximation, we may imagine the time too short for 
cooling, or make H=0. Then we get 


t 
-x È i2dé 
r=Se Jo ; 


an expression which, as a coefficient in equation (3), to me 
seems quite unmanageable. I will therefore assume for the 
future that the change in the battery-circuit resistance is 
always made suddenly from one finite value to another, no 
spark or current across air-spaces being produced. 

8. Suppose the resistance of a lattery-circuit oscillates rapidly 
between the values R and S, each change being made suddenly 
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and lasting for the short time T; what is the strength of the cur- 
rent after a few seconds? 

This may be assumed to be the sort of thing that happens 
in a microphone or other arrangement for producing an inter- 
mittent current. 

The strength of the current before the vibration begins is 


. E 
0—nRn ; 
at the end of the first period 7 the — is, by equation (4), 
E E(S—R), -i if; 


a= gt SR 
at the end of the second period 7 the current is 
o E E(SH).-R. 2885, 
=R SR -— det Lv web"); 


and so on— 


is being E — EE-D (exp.) {(R)— (R-+8) + (2-8) 


—(2R+28)}(— L) 


and 
isboing g + “ay D (exp) (8) -(S-- R) + (28+ R) 
—(28+2R)+(38+2R)} (— 5.) 


Accordingly, after a very large number of vibrations (which 
will be accomplished in a few seconds) the current is either 


E _ E(S—R) Ed (7) 


'=5 + SR SFR- 
l—e 


or else the same expression with R and S everywhere inter- 
changed, according as the last change of resistance was from 
R to S or from S to R, ¢ being the time which has elapsed 
since the last change. 

The law of variation of such a current is therefore just the 
same as for a simple make and break (4) ; but the part depend- 
ing on time is multiplied by a constant fraction always less than 
unity, and which diminishes rapidly as 7 (the period of a semi- 
vibration of the intermittence) diminishes. 
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If r be infinitesimal compared with ;—-q, the fraction is 


EF 


sim and hence the current is 
S—R - 
iii s (1 t SFR’ E y 
or, as of course ¢ (being less than T) is itself vanishing, 


i= sR ct (0 
Hence the current tends to approach this constant value if 
the vibrations are too rapid. Such a current as this is of 
course inappreciable by a telephone ; but the above would be 
its galvanometric indication. 

This must be something like the state of things in a coil 
with a too rapid break. 

Query, whether any thing of the same sort happens when a 
battery-current is passed through a vacuum-tube, the inter- 
mittence being almost too rapid to be heard by the telephone. 
Drs. De la Rue and Hugo Miiller have put a telephone in 
circuit with a battery and vacuum-tube, and heard only a 
faint rustling when the stratifications were steady. 


Equation to a continuously Intermittent Current. 


9. It would be interesting to obtain an expression for the 
current when the resistance of the circuit varies continuously 
from some finite value to infinity and back again in a short 


regular period =. Thus R might be supposed to be p sec? œt; 
and the equation would be 

LẸ rpisc'etmE, a (9) 
of which the solution is 


ES a O . . (10) 


but the integral fe taa «7x does not appear to be evaluable except 
by an unmanageable lot of series. 


Equation to an Alternating Current. 


10. Instead of varying the resistance, we may produce an 
alternating current by a periodic electromotive force, as, for 
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instance, when the circuit contains an electromagnetic machine 
of constant resistance, such as a telephone itself. The electro- 
motive force is then representable by a simple harmonic func- 
tion or by a sum of a number of these. Take the simplest 
case, 
di s. ; 

L qi t Ri=E sin 2mnt, . . . . (11) 
where the electromotive force oscillates from E to —E and 
back again n times a second. The solution of this is 


T R sin 2arnt — 24rn cos 2mnt E 
t L 
R Tn? L 
L:t4 n 
The first term rapidly dies out; and so the permanent value 
is 
E sin a@t—Aw cos ot 
RR’ I+’ - e " ©. œ " e (13) 


writing o for 27m and X for the time-constant B 
On the Law of Variation of a Battery-current in a 
Polarizable Circuit. 

11. In the previous sections we have considered the elec- 
tromotive force E of the battery to be constant. Now this 
is never accurately true, as the electromotive force begins 
to fall off the instant the circuit is closed, and some dis- 
crepancies between theory and experiment may arise from 
this cause. Let us see what happens when the battery is 
not constant, or when a polarizable voltameter forms part 
of the circuit. According to Kohlrausch, the electromotive 
force of polarization is proportional to the amount of decompo- 
sition, and therefore a short time t after the current has been 
established it is 

2! idt, 
0 


where p is the electromotive force produced by the passago 
of a unit of electricity. The equation to the current is there- 
fore 


di ; z 
Lo +Ri=B—p | ‘it, 
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or d^ d i ou 
LjatRBg;tr-0; e > © è œ (14) 


and the integral of this, remembering that i=0 when t=0, 


is 


i e~“sinhBt, . . . . . (15) 
where 
a= 57, amd B= v/Gn- t) 
2 
If p= m there could never be any current; and it is im- 


possible for p to be greater than A Practically, however, 


p would always be very small compared with this quantity; 
and so we may write 


— ae -—— o 


Hence in any ordinary polarizable circuit the strength of the 
current at any time after “ make ” is 


i= p(o ED"), 2... (6) 


On the Law of Variation of a Battery-current when a closed 
secondary circuit is stationary in its neighbourhood. 


12. So far we have considered a primary circuit in space 
by itself; but now we will arrange near it a secondary coil 
with a resistance r and a coefficient of self-induction /, and 
we wil suppose M to be the coefficient of mutual induc- 
tion between the primary and secondary. The coils shall be 
fixed in position so that M is constant; then a current j 
will be developed in the secondary circuit whenever the pri- 
mary changes from R to S; and this will react on the primary 
current i, the — for n both being 


Lo 2M ; TIE 0. 5. « (17) 
and 


di 


1% 4M ap t=% -.... (8 


with the conditions i= P and j=0 when ¢=0. 
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Differentiating these (E being supposed constant), we easily 
separate the variables and obtain 


(LI-M) 73 +(ir+ 8) 9 egi E, . . (19) 

and 
(Li— M7 |F(Lr 809 +Srj=0. . . (20) 
Now the solution of (20), remembering the initial condition, 


is 
j23Je* sinh pt ° ® . e e . . : . (21) 


or 
= 4 J {eo 0-78 tht) 
where g V (Le—I8y 
_ Lrel _ 4 ((Lr— IS)! + 4rSM?} 
a= (LI—M) and B= ae. . (22) 


[i eheu cow) 


and where J is a constant which has yet to be determined. 
It is well to notice that neither æ nor 8 can vanish or be- 
come imaginary ; but they can become infinite simultane- 
ously. 

To obtain the value of the primary current i, we can either 
write down the solution of (19), viz. 


= 5 Fe" (COM); o . . . (23) 
or, whatis practically more convenient as determining all arbi- 
trary constants end we can combine equations (17) and 
(18) so as to eliminate ^ j To and then put in the values of j and 
2 i from (21). We thus get 

M(Si— E) 2 4Je-*' {V (Lr— S)? + 4rSM?. cosh 8t 
t (Lr—iS)sinh Be} 


which will give us the value of J, since i-p when ¢=0. 
We find then that 

J- |  2ME(S-— RE) (24) 
R/Y {(Lr— r—ISy +4rSM7}? e 


and this is the value to be substituted in equation (21). 
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Hence, finally, we can write out explicitly the values of 1 
and j, though, as the constants are very long, we will make 
an abbreviation by writing 

4rSM? " 

(Lr—I8) MEATS ee Se (25) 

then the strength of the battery-current at any time after the 
resistance of its circuit has suddenly jumped from R to S is 


_ E. E(S-R) . sinh Bt 
‘= ct— oR ^ “| cosb t+ T] s . (26) 


and the strength of the induced current at the same instant 
is 

, 2ME(S—R ; 

J= BI S ) e~t sinh Bt.. . . (27) 


We may notice that the expression for i contains only 
the square of M; that is, the square of M expresses the re- 
action of the secondary on the primary; hence when M is 
small this may be neglected. 


Special Cases. 

13. It will be interesting now to consider the special cases 
in which these equations (26) and (27) may be expected to 
assume simple forms. 

Case 1. When the coils are so far apart that M? is negligible 
compared with LI. 

In this case A=0, a+B=- p a—B=" and it will be 


found that the expression for the primary current i as given 
in equation (26) reduces to the expression (4), which we found 
for the current in a solitary primary circuit, as it evidently 
ought to do; and there is nothing new to be said about it. 
But the value of j, the current induced in the secondary 


circuit, becomes ME(S— 
S, aft 
j= Faas) ^ e Ü. ... (88) 
'To find the induced current at instantaneous break in the 
special case now being considered, we must put S=oo , and 


we get 


jer, ol de cw de ow (29) 
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which is the recognized value for it (see Chrystal, ‘ Encyc. 
Brit.” equation (41)). Its initial or maximum value is M E 
and it rapidly dies away. ad 

To find the induced current at * make" we must put Rzo; 


and then (28) becomes 


j=- g ee"). . . « (30) 


This, therefore, begins at zero, rises to a maximum after the 
lapse of time 
Ll lo Lr 
7 Tr—ls °S p’ 
and then dies away. 
If the primary and secondary circuits are similar, so that 


the expression for the induced current at make simplifies, 
becoming 


jM if a ae ae (31) 


14. Case 2.—When the primary and secondary circuits 
are wound side by side, so that the coefficient of mutual induc- 
tion nearly equals the coefficient of self-induction of either— 
in other words, so that L=/=M. 

For a case (see equations 22 and 25), 


A= GS m and a—fzo ; 


but if we put L—M= a small quantity z, say, and then pro- 
ceed to the limit, we shall find a finite value for the difference 
of a and 8, viz. 


278 
Ep L(r+8)’ 
while 
at part, 


and accordingly we get as the value of the primary current (26), 


NM E S—R - Ln t mfi 
t= S1 1+ Rr S) 1” Lcrt S) +8e ae i ie (32) 
VOL. III. P 
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The last term in these brackets decreases at a nearly infinite 
rate; hence the primary current jumps almost suddenly from 


the value T to the value 


E r4R 
EEG 0 1: cc09) 


and then increases (or decreases, as the case may be) at a 
more moderate pace, its subsequent values being given by 
‘the equation 

i= 5 (1 + ate 

S R(r4 S) 

The form of expression (32) when S is made very great is 

noticeable, as it shows that the primary current in a wire coiled 

up with a closed secondary is able to stop nearly as dead as if 
the primary were doubled upon itself (6). It is 


S 
EC) 


The value of the induced current under the same circum- 
stances (viz. when the two circuits are coiled close together) 
is easily obtained from en and is 
,E(S-R 
~ R(r+8) 
If S=oo, this is the current at instantaneous break, viz. 


eure). 0.5. (M) 


r8 
Bim ..... (86) 


ju 00 om 3 e 8 x e oe) 


the same as (29) would have given; but if R=o, it is the 
current at make, viz. 
S wv 


B. cat | 
jem gee e s (88) 


The induced current at make in this case therefore has an in- 
stantaneous maximum value s and it then dies away at 


about half the rate of the current at break. 

All this is very instructive. It must be the state of things 
approximated to in many arrangements. 

15. We can now see what happens in Mr, Grant's case of a 
primary wound alongside a secondary, whose circuit can be 
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closed or unclosed; though the state of things considered in 
the last section is only roughly attained, because the telephone- 
coil forms part of the battery-circuit, and adds materially to 
the self-induction of that circuit without contributing to the 
mutual induction. However, neglecting this and taking the 
circuits similar, we find the primary current at “make” 


(R=0, S=r), by equation (32), to be 
E ms z8 
g (1—4 pet), 


whereas if the secondary circuit had been unclosed it would 
have been (5) 


Sais. 


Similarly, at the break (S= large, R=r), the primary current, 
when the secondary is closed, is 


E -3, 


R^" 


instead of 


when it was open. 

Hence the initial or maximum rate of variation of the bat- 
tery-current either at make or break when the secondary cur- 
rent is closed, is to its initial rate of variation when the 
secondary is unclosed as L is to 2(L — M),—a ratio which, in 
the case supposed, is nearly infinite. 


The Theory of Tertiary Currents as produced in an induction- 
balance—that is, in a coil which is arranged so as to be conju- 
gate to the primary coil, but which 1s in the neighbourhood of 
a third coil or conductor affected inductively by the primary 
current. 

16. This is the case of the induction-balance disturbed by 

a coin. The primary and secondary circuits are arranged in 

some conjugate position so that they have no effect on each 

other—this being done practically by splitting each into two 
equal parts, and arranging the two parts so as to oppose each 
other; and the third circuit is represented by the piece of 
metal put near or inside the primary and secondary coils. 
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The primary circuit contains as part of itself a battery and an 
intermitter ; the secondary contains a telephone. 

Neglecting electrostatic capacity and leakage (which latter, 
by the way, must be carefully avoided in a good balance), the 
current in either primary is the same, and the current in each 
secondary is the same, not only on the whole, but at every 
instant of time. In fact, the separation of the two halves of 
the primary and secondary is immaterial to the theory. The 
current which is induced in the secondary circuit, and which 
is heard in the telephone, is a tertiary current produced by 
induction from the third coil or piece of conducting matter. 

The currents in the battery-circuit at any instant being 
called i, that induced in the metal being k, and that induced 
by this in the secondary circuit being called 7, and being the 
value appreciated by the telephone, the equations for determi- 
ning these three quantities are given in $ 5, on the supposi- 
tion that the coefficients of mutual induction between the 
metal and the two coils respectively (m and p) are small num- 
bers, which is always true in practice. 

The battery-circuit is then practically undisturbed by the 
presence of the other parts of the instrument, and may be re- 
garded as in space by itself (see end of $$ 12 and 13); so that 
all we have said about the intermittence of currents in such a 
circuit in sects. 6-11 applies to the primary of an induction- 
balance: we will, however, only take the case when the re- 
sistance jumps suddenly from any finite value R to another 
finite value S. The value of i is then given by equation (4); 
and its rate of variation is 


di ^ E(S—R) itv 


dt RL 
but as (equation 2) 


it is easy to determine k ; viz. 
_ íLE(8— -3ta d 
k= Raa —e ar}. . . (39) 
This value agrees exactly with that obtained in the general 
case ($ 12) when the condition that M? might be neglected 
was put in (see eq. 28), and therefore confirms the correctness 
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of our working. All that was said about the special cases of 7 in 
§ 13 is therefore now true of k. What we want to find, how- 
ever, is not k butj, the current induced in the telephonic cir- 
cuit ; hence, differentiating the above expression for k and sub- 
stituting it in 

dj dk 
tote 


we get, remembering the initial condition that ;=0 when ¢=0, 


E meets n 
R ilo ui 


-E n rt! 
CEDES +O’ uj oY) 
And this is the current heard in the telephone. 


l =0, 


ao 
The expression | jdt identically vanishes; hence this current 
0 


cannot affect a galvanometer (see § 1). 

At “ make" R=oo, and the three terms in the brackets are 
all present, the factor outside reducing to +mpE. But at 
^ break " S=% , and the third term disappears, leaving 


Q2 mpE — tI P -P41. 
J7Rüp-Xoii* ' "xt ^ h s x (A) 


which is the tertiary current at break, and has some of the 
characteristics of the secondary current at make, see equa- 
tion (28). 


17. E the battery and telephone circuits are similar, so that 
S 


L771 , the value of j at the make simplifies considerably, be- 
dn 
Li(XS — -Lb5 D 


which in this case therefore bears a constant ratio to the se- 


condary current at make under the same circumstances (see 
equation 31). 
Theory of the Induction-balance continued. 
18. Having now integrated equations (2) and obtained an 


expression (40) for the current passing through the telephone 
at any instant, several things may be noticed about it. First, 


206 DR. O. J. LODGE ON INTERMITTENT CURRENTS 


the current produced by the piece of metal is in general dif- 
ferent in character to that produced by a slight shift of the 
secondary coil (that is, by M being made not quite zero); and 
consequently it is impossible in general to balance the effect 
of metal completely by moving the other pair of coils a little 
further apart, though it may be done partially. Both effects 
would then be superposed, and the two sounds would be sepa- 
rately heard and might differ in pitch, because there would be 
more oscillations in the tertiary current than in the secondary. 
It is quite possible that a musical ear would perceive that the 
quasi-note produced by the insertion of a piece of metal con- 
tains a trace of a tone an octave above that produced by a shift 
of the coils. Equation (42), however, appears to show that 
when the battery- and telephone-circuits are similar the secon- 
dary and tertiary currents are expressible by the same func- 
tion of the time, and that, therefore, in this case the effect of 
introducing metal may be counteracted by a shifting of the 
coils. 

Next, we see that the effect is independent of M (that is, 
of the mutual induction between the primary and secondary 
coils); and therefore it may occasionally be well to place them 
in some nearly conjugate position, so as more easily to obtain a 
balance. In fact the four coils are unnecessary; two coils 
placed so as not to act on each other will do; and a piece of metal 
placed near them will produce disturbance; only it will not be 
so easy to bring the metal close or parallel to both coils. 

Next the effect is proportional to the produced mz ; of which 
p is the potential of the primary, and m that of the secondary, 
on the coin. Hence, if the two coils are equal in size, every 
thing is symmetrical with respect to them, so that it does not 
matter whether the coin is nearest the primary or the secon- 
dary ; moreover the middle point halfway between the two 
coils must be either a maximum ora minimum position of the 
coin. 

Prof. Hughes long ago stated, from experimental obser- 
vation, that the position of the coin which gave the loudest 
sound was half way between primary and secondary, the two 
coils being pretty close together and being equal in all respects. 
Before investigation I had felt inclined to doubt whether this 
were more than approximately true (as it was by no means 
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evident à priori that every thing was symmetrical with respect 
to both coils, and the middle of the primary coil seemed a not 
improbable place for the maximum). Accordingly I arranged 
two pairs of coils as an induction-balance, the components of 
each pair being 4 or 5 inches apart, but with their planes 
parallel as usual ; and I then moved a coin about along the 
common axis of one pair to see what happened. The maxi- 
mum was not in the middle; but there were two maxima, one 
on each side the middle, and every thing appeared symme- 
trical with respect to both coils. The preceding investigation 
throws light upon this, and reconciles the two observations. 
It turns out (as might have been anticipated) that Professor 
Hughes’s statement is quite correct when the coils are near 
together ; but if they are separated by a distance greater than 
the diameter of either (the coin being supposed small), the 
middle point becomes a minimum with a maximum on each 
side of it (see next section). 


On the Law according to which the disturbance produced by a 
small coin on the common axis of a pair of coils in an induc- 
tion-balance depends on its position. 


19. The general expression for the induction-coefficient be- 
tween two circular coils in any position whatever is given in 
‘Maxwell,’ art. 696. We can specialize this to the case 
required, viz. a coil of n turns and a “coin” or coil of one 
turn, both on the same axis. Let the mean radius of the 
“coil” be a, and let the distance of its circumference from 
some point O on the axis be c. Also let the mean radius of 
the ** coin" be b, and let d be the distance of its centre from 
the point O. Then the mutual induction-coefficient between 
the coil and the coin is (art. 699) 


bu? 271 1+ 3x C 70 «etit (d —i9)4 &c. |. 


Now d we can make zero at once by taking the point O at the 
middle of the coin, so that c is the distance from the mean cir- 
cumference of the coil to the middle of the coin ; and there 
remain inside the brackets of the above expression 1 4- terms 
involving the square and higher powers of b : c, which is a 
small quantity. Thus a very good approximation to the in- 
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duction-coefficient between the primary and a small coin is 
21r7a"b'n 


a 9 oor n 5 (43) 


Similarly the induction-coefficient between the secondary 
and the coin is the same expression with dashed letters ; hence 
the product 


m = "7 (2mbaa')? (44) 
p lory EERTE 


And this is a maximum when ce’ is a minimum, a thing which 
_is very easily represented geometrically. 

For let A and A’ be points on the mean circumferences of 
the coils from which c and c’ are measured; draw the system of 
lemniscates cc’ — various constants, and then draw through the 
system any straight line at a distance a from A and a’ from A’. 
This line will represent the common axis of the two coils, and 
points on it represent possible positions of the coin. Now 
the line cuts every lemniscate in four points: hence there are 
four points on the axis at which the coin produces the same 
disturbance. These can run together two and two at points 
where the line is touched by the lemniscate; and these are the 
maximum or minimum points. They are maxima if the line 
is touched on the side of AA’, but minima if the line is 
touched on the other side. 

If the coils are the same size (i. e. if a=a’), and if they are 
at a proper distance apart (viz. 22a), all four points can run 
together in the middle, which is therefore then a stationary 
point, so that moving the coin a little either way will produce 
very little diference. But if the coils are closer together than 
this, two of the points of section become imaginary, and hence 
there are now only two positions of the coin which give the 
same noise; and these two can run together in the middle, 
which is now a maximum. 


Mis Min. Mar. Stationary. : Max. 
Analytically the problem might be stated thus:—Find the 
max. and min. values of sin@sin@&, given the condition 
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a cot 0 -- o". cot 0 = const., 0 and 0' being the angles subtended 
by mean radii of the primary and secondary coils at the coin. 
If the coils are equal (a=a’), the solutions are 0—6' and 
6+ @=4; hence another way of stating the result is the 
following:—Draw a circle with A A’ (the mean points of the 
equal coils) as diameter : then if this circle cuts the common 
axis of the coils, the points of section are maxima, and the 
middle point is a minimum ; but if the circle does not cut the 
axis, the middle point is a maximum, and the only one (see 
figure). 

The law of decrease with distance is interesting : equation 
(44) shows us that when the two coils are close together and 
the coin is moved along the axis away from them, the effect 
which it is able to produce in the telephone varies pretty nearly 
as the inverse sirth power of the distance as soon as it has 
got a little way—a tremendously rapid rate of decrease. 

It also shows that the effect varies directly with the fourth 
power of the diameter of the coin. 


The Connexion between Induction-balance Effect and 
Conductivity. 


20. The way in which the telephone-current depends on 
the conductivity 5 of the coin is apparent in equation (40): 


it is evidently not simply proportional to it in general. But 
the self-induction X of a circuit like that in a solid disk of 
metal must always be a very small quantity; and, except 
perhaps for highly conducting metals, it must probably be 
almost negligible compared with p. Assuming, then, that 
A is infinitesimal, the expression simplifies, and p becomes a 
factor of one part of it. We get, in fact, 
_ mu E(S— AMI mL r re l 
~pR(Lr—(8) UL° TIF 
mB). qs 


The term written by itself does not contain p except as an 
exponential; but it has a very great rate of variation depend- 
ing directly on p, and it soon ceases to exist. The rest of the 
expression for the current is simply proportional to the con- 

VOL III. 
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ductivity, both as regards its own value and its rate of varia- 
tion. What the precise meaning of all this is depends on 
what the loudness of the telephone-indication definitely depends 
on (§ 1); so for the present we will leave it in this state. 


On Measuring with the Induction-balance. 


21. Two methods have been employed both by Professor 
Hughes and by Mr. Roberts, with the view of obtaining 
quantitative readings from the balance. The first consisted 
in estimating the loudness of the sound produced by the in- 
sertion of a coin, and then imitating it by an arrangement of 
primary and secondary coils called the “ sonometer’’—a key 
being used to transfer the connexions of the telephone quickly 
from one instrument to the other. Mr. Poynting has adapted 
a formula from Maxwell which suffices to graduate the sono- 
meter when the secondary coil is some distance from either 
primary (Phil. Mag. January), though it is rather an unwieldy 
one. | 
But there must always be some objection to readings 
taken in this way, because of the difficulty of estimating 
precisely when two sounds have the same strength—especi- 
ally if, as appears probable from $ 18, they differ at all in 
quality, the sound produced by the coin in the balance having 
a tone mixed up with it which is shriller than any produced 
by the sonometer. (I do not know whether this has ever been 
noticed experimentally. One often notices a change of pitch 
in the telephone-rustle; but it appears to depend in some 
cases on the direction of the current, i. e. on whether it 
strengthens or weakens the magnet.) 

If the sonometer is to be used, I would suggest that the 
second primary coil be done away with, and that the secondary 
coil be of small diameter. It may have as much wire on it as 
is wanted for long range; but the further it is away from 
the primary, compared with its own diameter, the better. The 
diameter of the primary does not much matter. The in- 
duction would now simply vary as the inverse cube of the dis- 
tance from the mean circumference of the primary ; hence, if 
the sonometer were graduated so as to give equal distances 
from this line, its readings would only have to be turned 
upside down and cubed to give comparative results. If both 
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primary and secondary coils are small, the sonometer-arm 
may be graduated like an ordinary millimetre-scale. 

Ifan absolute zero were wanted at any time, it might be 
obtained by an arrangement for rotating one of the coils till 
it was at right angles to the other. 

22. Prof. Hughes’s second method of measuring, that of 
the graduated zinc wedge, is a much better one, because it is 
a null method and gives true readings, though they are not 
easily interpretable. 

.A third method has, I believe, been tried, viz. a copper 
damper rotating above one pair of coils; and this seems also 
pretty good; but I think it might possibly be better to modify 
it by having a uniform disk (or ring) of high-conductivity 
copper capable of being moved along the axis of one pair 
of coils with its plane always parallel to theirs. The distance 
of the disk from the middle point of the coils should be read, 
and the distance apart of the coils should be constant. Given 
all particulars, I have no doubt that a mathematician could 
readily interpret results so obtained. 

Another modification would be to use a coil of wire form- 
ing a circuit closed within itself instead of the copper disk. 
It would have just about the same effect as a solid disk of the 
same size; but the data connected with it might be more 
definite. 


The Effect of Magnetic Bodies. 


23. If a thin piece of iron wire be held in the balance, it 
powerfully disturbs it by a concentration of the lines of force 
in the iron, so that M (the mutual induction between the 
battery- and telephone-circuits) is no longer zero. If the 
iron were instantaneously magnetizable, one ought to be able 
to balance its effect by moving the other pair of coils a little 
nearer together, so as to make M zero again. Butas the magne- 
tization of iron always takes time, this is not completely pos- 
sible, because, though M may be made zero at any one instant, 
it will not remain so during the period of variation of the cur- 
rent. As regards pitch, the rustle produced by iron wire 
should agree with that produced by a shift of the coils, both 
being duller than that produced by a piece of copper. Of 
course if a mass of iron be inserted, the effect will be compo- 
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site, secondary currents being induced in it which give rise 
to tertiary currents in the telephone-circuit. But this effect 
is feeble as compared with the magnetic effect. 

In measuring the conductivity of a metal or of an electro- 
lytic solution by means of the induction-balance, care must 
be taken that it is not magnetic; or erroneous results will be 
obtained. The conductivity effect and the magnetic effect will 
tend partially to destroy each other; for though the effect of 
a piece of copper cannot be completely balanced by introdu- 
cing a scrap of iron into the same pair of coils, it can partially, 
just as it might partially by shifting the coils (§ 18). 

It would be very interesting to observe an opposite effect 
with a diamagnetic body—say a large bundle of thin bismuth 
wires insulated from each other; but it would not be easy to 
make sure of the correctness of the observation. 
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XXIX. On the Determination of Chemical Affinity in terms of 
Electromotive Force.—Part I. By C. R. ALDER WRiaaHrt, 
D.Sc. London, Lecturer on Chemistry and Physics in St. 
Mary's Hospital Medical School. 


1. BETWEEN the years 1841 and 1846 Joule made a series 
of experiments on the development of heat during electro- 
lysis, which led him to the conclusions :—that when a cur- 
rent is passed through a fluid conductor, heat is developed 
in accordance with the same law as that which he found to 
obtain with a solid metallic wire, viz. that the heat produced 
in a given time is proportionate to the square of the current 
and to the resistance of the conductor—usually known as 
Joule’s law; that if electrolysis is produced, the actual heat 
developed in the electrolyte is less than that deducible from 
this law by a quantity precisely equal to the amount that 
would be given out in re-forming from its products of decom- 
position the compound decomposed ; and consequently that it 
is possible to determine the “heat of formation" of a com- 
pound by the inverse method of determining the heat absorbed 
during its electrolysis. The actual results thus obtained, as 
regards the “ heat of formation " of copper sulphate, zinc sul- 
phate, and water, were communicated to the French Academy 
in 1846, but were not published in detail until 1852 (Phil. Mag. 
VOL. III. R 
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[4] vol. iii. p. 481). Some few months before they appeared, 
. Dr. Thomas Woods published (ibid. vol. ii. p. 268) the results 
of experiments showing that in the decomposition of water by 
electrolysis a quantity of heat is taken up approximately equal 
to that evolved by the ieee of the hydrogen and 
oxygen evolved. 

2. Joule’s method of opa agi is described by him in the 
following words :—“ I take a glass vessel filled with the solu- 
tion of an electrolyte and properly farnished with electrodes ; 
I place the electrolytic cell in the voltaic circuit for a given 
length of time, and carefully observe the quantity of decompo- 
sition and the heat evolved. By the law of Ohm I then ascer- 
tain the resistance of a wire capable of obstructing the current 
equally with the electrolytic cell. Then by the law we have 
proved [i. e. *Joule's law’] I determine the quantity of heat 
which would have been evolved had & wire of such resistance 
been placed in the current instead of the electrolytic cell: this 
theoretical quantity, being compared with the heat actually 
evolved in the electrolytic cell, is always found to exceed the 
latter considerably. The difference between the results évi- 
dently gives the quantity of heat absorbed during the electro- 
lysis, and is therefore equivalent to the heat which is due to 
the reverse chemical combination by combustion or other 
means " (loc. cit. pp. 493, 494). 

Put into symbols this may be thus expressed Let A; be 
the heat actually developed in the electrolyte by & current C, 
in a given time t during which to, grammes of electrolyte are 
decomposed. Let Àj, be the heat that would be developed in à 
wire of the same resistance (i. e. capable of equally *obstrnct- 
ing the current") in the same time t by the sanie current Os. 
Let A; be the heat actually developed in another wire by a 
different current C, in the same time ¢; and let the resistance 
of the electrolytic cell be a times the resistance of this second 
wire. Then, by Joule's law, 


A. Ci 

hy Ci (i^ 
whence the heat absorbed in decomposing w grammes of elec- 
trolyte is 3 


hy—h, or hs! acl, 
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and the heat absorbed in decomposing 1 gramme of electro- 
lyte is 
2 
hs 5: a—h, 
w 


_ In this way Joule obtained in three sets of observations the 
following mean values for the heat absorbed in the decompo- 
sition of a gramme-equivalent of water:— 


94101 
34212 
92356 
Average . . 33557 


the numbers found by direct determination of the heat of com- 
bustion of hydrogen in oxygen being close to 34100 gramme- 
degrees, according to the most trustworthy experiments (vide 
$ 31). 

8. Joule further applied this principle to the electrolysis of 
zinc and copper sulphates, and found that the heat actually 
developed in the electrolytic cell was in each case less than that 
which would be developed in a wire “ obstructing the current" 
equally with the cell by a quantity sensibly equal to the heat 
that would be generated by the oxidation of the metal liberated 
during the electrolysis by the oxygen simultaneously set free, 
together with that produced by the solution in the dilute sul- 
phuric acid also formed of the metallic oxide thus produced. 
That this should be so is an evident deduction from the prin- 
ciple of conservation of energy ; for if the total work that 
could be done in the passage of a current C through a resist- 
ance R in a time ¢ be expressed by the formula C'R (Joule's 
law), and some of that work be performed not as heat but in 
undoing chemical combination, it results that the amount of 
work actually done as sensible heat must be just so much less 
than C*R4 as corresponds to the chemical work performed. 

4. The experiments of Woods were of a far less accurate 
kind than those of Joule, but were based on much the same 
principles. A current being passed through an electrolytic 
cell for a given time, the heat developed was roughly measured 
and the amount of decomposition ; a wire was then substituted 
for this electrolytic cell of such resistance that the current 

R2 
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passing was the same as before (the electromotor remaining 
the same). The heat developed in this wire being determined, 
was found to exceed that produced in the electrolytic cell in 
the same time by a quantity sensibly equal to that which 
would be generated by the recombination of the products of 
electrolysis. 

The formula just deduced for Joule’s method of experi- 
menting then becomes 

h;—h. 
w ” 
for C,2 C, and a=1. 

5. In 1865 Joule's results were confirmed by Raoult ( Ann. 
de Chim. et de Phys. 4th series, ii. p. 317, and iv. p. 392) by a 
method which will be discussed later on ($ 23). The amount 
of heat absorbed per gramme-equivalent of water decomposed 
was found by Raoult to be 34028, or sensibly the same as that 
deduced by direct combustion ; whilst similar results were 
obtained with copper sulphate. In 1869 Kiechl published 
experiments (Wien. Akad. Ber. lx. [2] 121) in principle the 
same as Joule's, but differing considerably in the details, no- 
tably in that the wire was made into a rheostat, so that its 
resistance could be regulated throughout the observations. 
As a mean of nine accordant experiments, 33653 was found to 
be the heat absorbed per gramme-equivalent of water decom- 
posed. Shortly before this, Favre demonstrated in a very 
simple way (Comptes Rendus, lxvi. p. 252 ; Pogg. Ann. cxxxv. 
p. 300) that as much heat is absorbed during the decomposi- 
tion of an electrolyte as is produced by the recombination of 
the products of decomposition. A small battery was enclosed 
in a calorimeter, and the heat produced by the solution of a 
given quantity of zinc determined, the current produced being 
made to circulate through a coil of wire also contained in the 
calorimeter; so that the total heat generated was determined. 
A voltameter was then substituted for the coil of wire, when 
the quantity of heat was found to be lessened by an amount 
equal to 34,204 gramme-degrees per gramme-equivalent of 
zine dissolved, i. e. of water decomposed. Similarly when 
copper sulphate was decomposed instead of water, the heat- 
evolution was lessened by an amount sensibly equal to the 
heat evolved in the synthesis of the galt. 
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6. In 1851 Sir William Thomson carried the ideas suggested 
by the experiments of Joule and others a considerable way 
further. In a remarkable paper on the mechanical theory of 
electrolysis (Phil. Mag. 1851, vol. ii. p. 429), he demonstrated 
that the force of chemical affinity is expressible in terms of 
electromotive force, and calculated, from data largely fur- 
nished by Joule, that the work done in decomposing water 
corresponds to an E.M.F. of 3,305,400 foot-grain-second 
electromagnetic units (equal to 1:415 x 10? C.G.S. units, or 
1:415 volt), that representing the sum of the chemical actions 
in a Daniell cell corresponding to 2,507,100 (equal to 1:074 
x 10° C.G.S. units); so that the “affinity” between oxygen 
1:415 
1:074 
sum of the affinities exerted in the chemical changes going on 
in a Daniell cell. Similar calculations, based on more recent 
determinations of the values involved, lead te somewhat higher 
numbers, approximating to 1:502 x 10° C.G.S. units for water 
and 1:154 x 10? for the Daniell cell (vide § 16), giving the 

. 1:502 
ratio 1154 =1°302. 

7. The general proposition that the force of chemical affi- 
nity is expressible in terms of E.M.F. may be simply demon- 
strated as follows:—Let the strength of chemical combination, 
or the chemical work done by the force of chemical affinity, be 
defined as the absolute amount of work spent or gained in 
the synthesis from its constituents of a given weight (say 
1 gramme) of the compound considered. This work may be 
expressed in terms of heat, and is ordinarily measured as such : 
thus in the synthesis of a gramme of water from gaseous 
oxygen and hydrogen at the ordinary pressure and tempe- 
rature, an amount of work is done representing an evolution 
of a quantity of heat amounting, according to the most accu- 
rate determinations, to close upon 3800 gramme-degrees 
(8$ 31); whence, taking the mechanical equivalent of heat as 
42 megalergs per gramme-degree*, the work done in this 
synthesis is close to 16 erg-tens =16 x 10” C.G.S. units. 


and hydrogen in water is = 1:318 times as strong as the 


* The values obtained by Joule by friction of water lie somewhat 
below this figure (near to 41:5 x 105); whilst that deduced by him from 
the development of heat by electric currents in a wire of known resistance 
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Tho experiments of Faraday first demonstrated the two fol- 
lowing laws, which have since been fully confirmed by many 
other experimenters :— 

I. When a compound is electrolyzed, the weight of sub- 
stance decomposed is proportionate to the quantity of electri- 
city passing. [A low degree of conductivity is supposed by 
some experimenters to be possessed by electrolytes, of such a 
nature that very feeble currents can be passed through them 
without causing any chemical decomposition ; this, however, 
even if admitted to be the case, would not appreciably inter- 
fere with the correctness of the foregoing proposition. ] 

II. When a current is passed for a given time successively 
through several compounds so as to electrolyze them all, it 
decomposes quantities of them in the ratio of simple functions 
of their “ molecular weights," evolving the products of decom- 
position, when elementary, in the ratio of simple functions of 
their combining numbers or “ atomic weights." The quanti- 
ties of compounds decomposed and of elements evolved by a 
current which evolves 1 part of hydrogen from water under 
these circumstances are called their “ equivalent values,”’ or, 
more briefly, their equivalents, in reference to the particular 
compounds decomposed. 

Law I. may be thus expressed :—Let n be the number of 
grammes of compound decomposed, and g the quantity of elec- 
tricity passing ; then 

nO g. 


Law II. states that, if a be the “ equivalent" of a given 
compound, 


no a. 
Hence 

"n c aq; 
and consequently 

n-agXyxX, 


where x is a multiplier independent of the quantity of electri- 
city passing, and of the value of the “equivalent” of the 
compound. 


lies somewhat above it (42-10x 10). Numbers lying somewhat above 
42X 10° have been obtained by Hirn, Violle, and Regnault (vide $$ 83 & 
34). 
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When n=a, v=); ; that is, y is the reciprocal of the quan- 


tity of electricity requisite to decompose a gramme-equivalent 
of the electrolyte employed. For convenience of reference, 
X may be termed the electrochemical constant. 

8. The term * electrochemical equivalent of a substance" 
is employed to mean the quantity of substance decomposed by 


a unit quantity of electricity, i. e. the value of E (which =ay); 


and the term “electrochemical equivalent of an element,” in 
reference to such a compound, is used to indicate the quantity 
of that element evolved during electrolysis of that compound 
during the passage of a unit of electricity. If b be the equi- 
valent of the element in reference to the compound employed, 
the equivalent of the compound being a, the electrochemical 
equivalent of the element in reference to the compound is 


which «by. 

n is of necessity a constant for any given compound : and 
so is b in many cases ; that is, in such cases, no matter what 
compound of a particular element be electrolyzed, the same 
quantity of that element is set free by the passage of a unit of 
electricity. In other cases, however, b varies with the cha- 
racter of the compound employed ; that is, the same quantity 
of element is not necessarily always evolved by the passage of 
a unit of electricity, For example, the value of b for hydro- 
gen, chlorine, and silver appears to be constantly 1, 35:5, and 
108 respectively ; whilst for copper the value is 31°75 for 
compounds of the class known as cupric salts, and 63:9 for 
compounds of the class known as cuprous salts. When b is 
thus variable, its different values are always simple integral 
multiples of a common divisor. 

9. Sir William Thomson calculated in 1851 (loc. cit. supra) 
the value of ay for water on the foot-grain-second electro- 
magnetic system to be as follows:— 
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From data furnished by experiments of Weber . . 0°02034 


» j » Bunsen. . 0:02011 
» ” 33 » . . 0:01995 
» ‘5 » Casselmann 0:02033 
» 2 » o» 0:02021. 
» j s Joule’ . . 0:01981 
» » » » . .002030 
» » » » . . 0:02002 


Average . . . 0:02013 


On the C.G.S. system (electromagnetic measure) this ave- 
rage value becomes 0:0009282. Stas found that 1 part of 
hydrogen combines with 7:98 of oxygen to form water, whence 
a= 8:98 for water, and consequently 


x= CONES = 0°00010336, 
More recent experiments of Kohlrausch (Pogg. Ann. cxlix. 
p. 170) indicate a perceptibly higher value, viz. 0:00010527 ; 
for he found that one metre-gramme-second unit of quantity 
of electricity causes the deposition of 0°11363 gramme of silver, 
or 1 C.G.S. unit of electricity causes the deposition of 0011363 
gramme of metallic silver ; i. e. 5y —0:011363, whence 
| x EEE =0-00010527, 
since Stas found the equivalent of silver to be 107-93. 

In the same paper Kohlrausch gives the following values 
for the electrochemical equivalent of water deduced from the 
experiments of Weber, Bunsen, Casselmann, and Joule, allow- 
ance being made for probable errors in the values assigned to 
the horizontal component of terrestrial magnetism (the num- 
bers are given by him in the metre-gramme-second system) :— 

Weber . . . . . 0009396 
Casselmann . . . . 0:009391 
Bunsen . . . . . 0009624 
Joule. . . . . . 0:009222 
Mean . . . 0:009406 
On the C.G.S. system this value becomes 0:0009406, whence 


00009406  ,. 
= — sag — = 000010474. 
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` Hence the mean of this value and that deduced by Kohlrausch 
from his own observations (viz. y 22 0:00010527) may be taken 
as probably the nearest approximation to the truth; i. e. 
x =0°000105005, or practically 4.2:0:000105. 

10. If it were possible to obtain a current between the two 
electrodes of à voltameter or other similar electrolytic cell 
which would decompose the electrolyte without any disturb- 
ance of the thermal equilibrium, then the difference of poten- 
tial between the electrodes would represent the force of che- 
mical affinity exerted between the products of decomposition 
in the compound examined ; for if e be the potential-difference 
(E.M.F. existing between the electrodes) during the passage 
of a quantity of electricity g, eq units of work will be done. 
If n grammes of substance are decomposed, and f is the work 
done by the force of chemical affinity in the synthesis of a 
gramme of substance from the products of decomposition, the 
total work done is also expressed by nf, which, by the defini- 
tion of electrochemical equivalents ($ 8), =aygf. Hence 


e 
af=—- 
f X 


Or “ affinity,” reckoned per gramme-equivalent, is measured 
by electromotive force divided by a quantity which is constant ; 
i. e. the work done in the synthesis of a gramme-equivalent of 
substance is expressible by a value indicated in electromotive- 
force units, just as it is expressible by a value indicated in 
heat units—the one valuation involving the constant x, the 
other J. | 

11. In practice it is impossible to realize this supposition ; 
for experiment shows that, in the passage of electricity between 
two electrodes, work is done not only as chemical decomposi- 
tion but also as heat ; by determining the amount of the latter, 
however, it is easy to calculate how much of the total potential- 
difference existent between the electrodes is due to the chemical 
affinity of the constituents: thus, if A gramme-degrees are 
evolved during the decomposition of n grammes of substance 
of electrochemical equivalent ay by the transfer of a quantity 
of electricity g, and if E represent the total potential-difference 
existent between the electrodes, the total work done in the 
electrolytic cell is Eq, of which AJ is done as heat. Hence 
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Eq —AJ is done as chemical decomposition. Let this be equal ° 
to eg, where e is the E.M.F. representing the chemical afti- 
nity to be measured ; then 


“wen! amg 
q Hu 


since, by definition of electrochemical equivalents ($ 8), 


l m aX 
Finally, therefore, 
ez E— HJ, 
where 
g- ^s, 
n 


i. e. where H is the heat evolved per gramme-equivalent of 
substance decomposed. 

_ Experiments made in this way (detailed in Part IL, vide 
also § 32) have given numbers for the value of e in the case 
of water closely corresponding with the value of e deducible 
from direct combustion-experiments by the formula arrived at 


above ($ 10), viz. 
| af= z? 
which becomes 

exafy=al/Jx=H'xJ, 


where À' is the heat liberated per gramme, and H' that per 
gramme-equivalent of water formed by combustion of hydrogen 
and oxygen. 

12. On attentively considering the phenomena attendant on 
electrolysis, it is evident that it by no means follows that the 
direct action of the current causes the entire change taking 
place ; physical changes of state and chemical actions second- 
ary to those due to the action of this current alone may occur ; 
so that the value of e thus deduced, although representing the 
E.M.F. corresponding to the nett work done in the sum of the 
total changes taking place, and consequently representing the 
“ affinity " between the ultimate products in the original com- 
pound as above defined, is not necessarily a measure of the ten- 
dency to combine together of the substances primarily formed by 
the electrolytic decomposition. For instance, suppose that in 


CHEMICAL AFFINITY IN TERMS OF ELECTROMOTIVE FORCE. 223 


the electrolysis of water the primary products are ordinary 
gaseous hydrogen and ozone, the latter becoming subsequently 
transformed (by a secondary chemical action) into ordinary 
gaseous oxygen: then, since heat is evolved in the conversion 
of ozone into oxygen to the extent of 14,800 gramme-degrees 
per 24 grammes of oxygen (Berthelot, Bull. Soc. Chim. Paris, 
1876, vol. xxvi. p. 56), or 4933 gramme-degrees per 8 grammes 
of oxygen (corresponding to 9 grammes of water), the value 
of 6 deduced as just indicated will be below the true value by 
id — 14:5 per cent. ; for the negative 
term in the expression E— HxJ will have been overestimated 
by that quantity. 

Again, suppose that the water is brought by a secondary 
physical action into a quasi-vaporous state before it is decom- 
posed by the current into gaseous hydrogen and oxygen (e. g. 
on the molecular theory of the constitution of matter, suppose 
that only detached molecules of water are operated on by the 
current, and not the water en masse in the liquid state); since 
about 600 gramme-degrees are required to volatilize a gramme 
of water at the ordinary temperature (the latent heat of steam 
at near 15? being about 600), or 5400 per gramme-equivalent, 
ihe value of e deduced as above will be too large by about 
DE "o z:15:8 per cent, because in this case the negative term 
—HxxJ will be underestimated to that extent. 

Consequently, if both secondary actions be supposed to take 
place (i. e. if the electrolysis proper takes place between de- 
tached molecules of water converting them into gaseous hy- 
drogen and ozone), the value of e will be 15:8—14:5, or 1:3 
per cent. too large. 

Suppose, again, that the primary electrolytic action is to 
convert liquid water into liquid oxygen and hydrogen, and 
that the eonversion of these liquefied elements into the ordinary 
gaseous condition is due to secondary physical changes ; it is 
evident that the value of e found as above is too large by 


an amount equal to 


À i 
3100 x 100 per cent., where A, represents the heat that is ab- 


sorbed in the vaporization of a gramme-equivalent of each of 
the liquefied gases taken together. 
Yet again, in the electrolysis of copper sulphate, suppose 
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that whilst the ultimate chemical change is expressed by the 
equation 
CuSO, + H; Oz Cu + O + H; SO,, 
this change is actually the sum of two changes, of which the 
first is secondary :— 
(1) CuSO,+ H; Oz CuO + H; SO,, 
(2) CuO =Cu +0; 

it is evident that the value of e deduced as above will be greater 
than that corresponding to the second change only, by an 
amount equivalent to the heat absorbed during the first change. 

13. During the last three or four years the writer has made 
various experiments with the view of determining the E.M.F. 
measuring the “ affinity ’’ between various constituents in dif- 
ferent compounds (especially oxygen and hydrogen in water), 
not only when the substances developed by the electrolysis are 
in their ordinary conditions, but also when they are “nascent ” 
—4. e. with the view of determining, first, the E.M.F. corre- 
sponding to the “ heat of formation ” of (for instance) water 
from gaseous oxygen and hydrogen, and, secondly, that requi- 
site to produce electrolysis proper apart from secondary physical 
and chemical changes. It is evident that, if such determina- 
tions are practicable, the comparison of the two sets of values 
might lead to interesting conclusions as to the nature of these 
secondary actions, and might throw light on the internal me- 
chanism of the chemical changes taking place, and especially 
on the phenomena connected with the “nascent state.” Re- 
sults in this direction have already been obtained by Favre, 
with this difference, that the values are expressed in gramme- 
degrees, being obtained entirely by calorimetric observations. 
The discussion of the observations of this kind already made 
by previous experimenters, and of the writer’s results (obtained 
chiefly by electrical measurements), will be resumed in a 
future paper, the present essay having chiefly reference to the 
determination of the E.M.F. representing the sum of the 
physical and chemical actions taking place during electrolysis. 
It should, however, be noticed in connexion with this subject, 
that since Sir William Thomson first sketched out the Mecha- 
nical Theory of Electrolysis (loc. cit. supra), more exact mea- 
surements have shown that the E.M.F. actually capable of 
being generated by a given voltaic combination is by no 
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means necessarily equal to the sum of the physical and che- 
mical changes taking place in the pile, and that it is not ne- 
cessarily constant for the same ultimate chemical change— 
varying with the temperature, the state of dilution of the so- 
lutions used, &c. | 

14. For example, when zinc is dissolved in dilute sulphuric 
acid, the total ultimate change is expressed by the equation 


H; SO, + Zn= H, + ZnSO,, 


which corresponds to an evolution of somewhat more than 
18,000 gramme-degrees per gramme-equivalent of zinc dis- 
solved or of hydrogen liberated, and representing therefore 
about 18000 x 0:000105 x 42 x 1050-794 x 10° C.G.S. units 
of E.M.F., or about 0:794 volt. Similarly, when zinc or any 
analogous metal is dissolved in any other acid (e. g. hydro- 
chloric) with evolution of hydrogen by a parallel reaction, a 
heat-evolution of A gramme-degrees results per gramme-equi- 
valent, corresponding to hyJ C.G.S. units of E.M.F. But 
when this change takes place in an electromotor with a second 
metal as the other plate, the E.M.F. actually set up by the 
tendency to produce this ultimate change varies with the 
nature of the second metal; and whilst the E.M.F. produced 
is rarely, if ever, precisely equal to AyJ even at first, when a 
current has been made to circulate for some short time the 
E.M.F. is found to have diminished to an amount depending 
on the rate of evolution of hydrogen on the surface of the 
other plate, the character of its surface, the temperature, &c. 
This is usually expressed by saying that the plates become 
“ polarized," or that a “counter electromotive force" æ is 
set up, diminishing the effective E.M.F. of the arrangement 
from E, which it was at first, to K—., the value of x varying 
with circumstances. 

From the principle of the conservation of energy it resulta 
that, when the current circulates, the difference between the 
work hyJ x Q which would be performed during the passage 
of a quantity of electricity Q sufficient to decompose a gramme- 
equivalent of substance, and (E—2)Q the work which the 
current cam actually perform, must make its appearance as 
sensible heat. If, therefore, E — z < AxJ, the electromotor must 
rise in temperature from this cause—irrespective of the rise 
due to the fact that, as the current traverses the electromotive 
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equally with the rest of the circuit, heat is developed therein 
In proportion to its resistance in accordance with Joule’s law 
(§ 1). If, however, E—2x>hyJ, the battery is of necessity 
proportionately cooled ; and if the experiment is so carried 
out that the resistance of the battery is small compared with 
that of the rest of the circuit, so that the heat developed in 
the battery in accordance with Joule’s law is but small, the 
cooling effect may be made to preponderate over the heating 
effect, so that an absorption of heat on the whole takes place 
in the battery. 

15. This effect has been experimentally studied by Favre 
(Comptes Rendus, lxvi. p. 252, Ixvii. p. 1012, Ixviii. p. 1300, 
and lxix. p. 34), who has shown that under the last-named con- 
ditions an absorption of heat takes place during the solution 
of zinc or. cadmium in hydrochloric acid, whilst heat-evolution 
takes place if sulphuric acid be substituted for hydrochloric. 
In other words, the secondary actions set up, as a whole, 
absorb heat in the first case and evolve it in the second. 
Similarly in two-fluid batteries, such as Daniell’s and Grove’s, 
analogous results were obtained, although in these cases “ po- 
larization” by evolution of hydrogen could not possibly be 
produced. With cells after Daniell's construction heat was 
found to be evolved by the secondary actions, though not to a 
very large extent (about 4:3 per cent. of the heat duo to the 
consumption of zinc and precipitation of copper); whilst with 
a Grove's battery a considerably larger heat-absorption took 
place, amounting to about 11:9 per cent., of the heat due to 
solution of zinc and reduction of nitric acid. 

16. This result with a Daniell cell is borne out by expe- 
riments of a different kind. The E.M.F. which a Daniell 
cell is practically capable of giving has been variously esti- 
mated by different observers, at from 1:05 to 1:14 volt, 1:10 
to 1:12 being a usual average. The E.M.F. corresponding 
to the heat evolved in the reaction 


CuSO, + Zn = Cu + ZnSO, 


(which expresses the ultimate change in a Daniell cell, apart 
from local action) is several per cent. higher. Thus Favre 
estimated the heat thus evolved per gramme-equivalent to be 
27,388 (Comptes Rendus, lxiii. p. 369), and subsequently as 
25 060 (ibid. lxix. p. 95) : the mean of these two numbers is 
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26,224, corresponding to an E.M.F. of 26,224 x 0-000105 x: 
42 x 10° = 1:156 x 10* C.G.S. units, or 1:156 volt. Julius. 
Thomsen has calculated (Berichte deut. chem. Ges. 1872, 
vol. v. p. 170) from his own determinations, together with 
those of Andrews, Dulong, Hess, and Favre and Silbermann, 
that the heat-evolutions taking place during the formation of 
zine sulphate and copper sulphate are respectively 108,460 and 
56,216 per ** grámme-molecule " (these formations being ex- 
pressed in Thomsen's symbols thus—Zn, O, SO, aq, and Cu, 
O, SO,, aq). Hence the heats are 54,230 and 28,108 per 
gramme-equivalent ; whence the displacement of copper from 
copper sulphate by metallic zinc, forming copper and zinc 
sulphate, must give rise to an evolution of 54,230 -- 28,108 =. 
26,122 gramme-degrees per gramme-equivalent, corresponding 
to 26,122 x yJ = 1:152 volt. 

17. Results analogous to those of Favre have also been ob- 
tained by Raoult (Ann. de Chim, et de Phys. 4th series, ii. 
p. 317, and iv. p. 392)—some forms of voltaic combinations 
giving rise to the production of more heat outside the battery 
than corresponds to the heat evolved by the ultimate chemical 
and physical changes taking place therein, and others to less. 
Raoult found that the current from the Daniell cell used by 
him was capable of doing total work equal to 23,900 gramme- 
degrees per gramme-equivalent of zinc dissolved in each cell : 
this represents only 23,900 x yJ 21:054 volt, a quantity less 
by 8'5 per cent. than the value calculated above from Thom- 
gen's figures as the E.M.F. corresponding to the sum of the 
chetnical and physical actions taking place in the cell. 

To éxpress the difference between the heat actually produ- 
cible by the sum of the chemical and physical actions taking 
place in an electromotor and that corresponding to the current 
actually obtainable from the electromotor, Raoult calls the first 
the chemical heat of the pile, and the latter the voltaic heat 
thereof; whilst the terms chemical heat and galvanic heat have 
been employed by Edlund to indicate these quantities respec- 
tively (Phil, Mag. 1877, vol. iii. pp. 428 & 501); so that the 
above results may be indicated by saying that the chemical 
heat of a Daniell battery is 26,122 gramme-degrees (per 
gramme-equivalent of zine dissolved), whilst the voltaic or 
galvanic heat is 23,900, and so on. Several points touched 
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upon in these papers are of interest as bearing on the problem 
of the determination of the amount of E.M.F. corresponding 
to the primary effects of electrolysis ; their discussion, like 
that of several analogous memoirs by previous observers, is 
postponed till a later occasion. 

18. In order to apply the general method above indicated 
(§ 11) for the determination of the E.M.F. corresponding to 
the sum of the chemical and physical actions taking place du- 
ring electrolysis, it is requisite to determine:—first, the differ- 
ence of potential subsisting between the electrodes ; secondly, 
the quantity of electricity passing in a given time (known 
from the weight of substance decomposed); and, thirdly, the 
heat evolved as such in the electrolytic cell in thattime. The 
first quantity may be found approximately by the aid of a sine 
galvanometer of very high resistance. A method which is in 
principle substantially this has already been used by Raoult 
(loc. cit.); this will be more fully discussed further on 
(§ 23). | " 

Another way of determining it may be based upon obser- 
vations with a voltameter, thus :—The amount of decomposi- 
tion produced in a given time ¢ by passing a current from the 
battery employed (of E.M.F. = E^) through the voltameter 
is noticed =n, ; the electrolytic cell is then placed also in cir- 
cuit, and the amount of decomposition in the voltameter in the 
same time ¢ again determined = 7, and also the heat pro- 
duced in the cell =A. R being the resistance of the battery, 
voltameter, and connexions, and r being the resistance of a 
wire ‘obstructing the current equally with the electrolytic 
cell," the currents flowing in the two cases are respectively 


/ / 
Cahiers] and C,=nyxk= zu. 


R R+r 
where k is a constant-—whence 
R Ng r _ f—f, 
Rtr ny’ ane Rr m 


The difference of potential set up between two points eonnected 
by a medium of resistance r traversed by a current C, is 
r ni— 


= js 73 vv. 
rU;= gp Sm E ; 


——— e — — 
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and hence the expression for the E.M.F. equivalent to the 
affinity to be found, E—HyJ, becomes 


Hn gy hays 
Ny Ne 


where a is the equivalent of water = 8:98. 

19. Experiments on the electrolysis of water have been 
made by the writer in accordance with this method, and have 
furnished moderately concordant results approximating to the 
value of the E. M.F. representing the affinity to be measured, 
calculated from the heat of combustion of hydrogen ($ 32); 
but as the experimental errors attendant on the method are 
considerably greater than those involved when the value of 


Hz E’ is directly determined by means of a quadrant elec- 


trometer, this latter mode of operating has been adopted in 
preference : the details of observations thus made in the case 
of water are given in Part II. Meanwhile it is of interest to 
notice that if a tangent galvanometer be substituted for a vol- 
tameter (the quantity of electricity passing being determined 
by observing the quantity of electrolyte w decomposed whilst 
a quantity of heat h is evolved), the value of the affinity to be 
determined is given by the analogous formula 


= tan æ — tan B w haxd 
tana w 


where a and f are the deflections observed with the cur- 
rents C, and C, respectively. The experiments of Joule 
above referred to (Phil. Mag. vol. iii. p. 481), although made 
for the purpose of calculating the heat of formation of water, 
copper sulphate, and zinc sulphate in a wholly different way, 
contain the data requisite for the application of this mode of 
observation, based on the use of the tangent galvanometer; it 
being taken for granted that E’, the value of the E.M.F. of 
the Daniell battery used, was m x 1:10 volt, where m is the 
number of cells used in the experiment recalculated. Thus, 
Joule found the following numbers in a series of four observa- 
tions on the electrolysis of water in which six Daniell cells 
were used :— 
VOL. III. S 
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Gramme of H 


Mean tan æ. | Mean tan f. Rise of thermometer. 


3:4170 1:6234 


40°6 scale divisions. 
3:9429 1:7780 31:8 j " 
4:3412 1:8374 417 si dá 
4:0508 1:8011 38-8 i j 
Average ...... 3:9380 1:7600 04243 `| 39:725 
pe 3 Correction for radiation... 4- 0:650 


40:381 


The water-equivalent of the calorimeter was found to be 
1155 grammes, whilst 23:38 scale-divisions of the thermometer 
represented 1?; hence | 

| h=1994:°9. 
The E.M.F. of affinity to be found, then, is - 
3:9380 —1:7600 ; " 
— 339380 x 6x 1:10 x 10 i 
.. 1994:9 x 1 x 0000105 x 42 x 10° 
0:04243 à 


1:577 x 10° C.G.S. units =1:577 volt. 


The value deduced from Joule’s own figures by his mode of 
experimenting is 34,101 gramme-degrees per gramme-equiva- 
lent of water decomposed, representing 34101 x yJ 21:504 
volt ; whilst the value deducible from the best determinations 
of the heat evolved in the combustion of hydrogen is 34,100, 
representing 1:504 volt ($ 32). In two other similar sets of 
observations, Joule obtained the values 34,212gramme-degrees 
corresponding to 1:509 volt, and 32,356 gramme-degrees cór- 
responding to 1:427 volt. Unfortunately the data for recal- 
culating these values, as has just been done with the first set, 
are not given in his paper; still the difference between the 
values of the E.M.F. of affinity, calculated as above and 
from Joule's heat-values, is apparently no greater than the 
differences observed in these latter on repetition. It is notice- 
able that a small error in the value of the E. M.F. of the bat- 
tery produces a much larger error in that of the calculated 
result: thus, if in the set of observations recalculated as above 
the E.M.F. of a Daniell cell be taken as 1:08 instead of 
1:10 volt, the calculated E.M.F. of affinity comes out 1:511 
instead of 1:577 volt; i. e. a diminution of less than 2 per 


or 


CHEMICAL AFFINITY IN TERMS OF ELECTROMOTIVE FORCE. 231 


cent. in the value of the Daniell cell makes a diminution of 
more than 4 per cent. in the E.M.F. of affinity. 

20. In just the same way Joule’s experiments on copper 
sulphate and zinc sulphate may be applied by means of the 
above formula. Thus with copper sulphate the following 
numbers were obtained, a battery of 4 Daniell cells being 


Mean tan B Gramme of cop-| Rise of thermo- 


per deposited. meter. 
07275 | 05686 204 
0:7535 0:5777 19:4 
0:7650 0:5881 19°45 
077968 0:6153 17:4 
077607 0:5874 19:102 
Correction for radiation ... —0°049 
19:113 


. In these experiments the water-equivalent of the calorimeter 
was 1179:2, whence h=963-99, 
and the E.M.F. representing the total chemical and physical 
changes is 

8:7085 —0-7607 , 963:99x31'75x xd 

— 87085  "4xll10x10— 777 sg 
da 1:198 x 105 4- 10? C.G.S. units or 1:198 volt. 

With zinc sulphate the following numbers were obtained, a 
battery of 7 Daniell cells being used:— 


Gramme of zinc| Rise of thermo- 
Mean tan «. | Meantan 8 deposited. meter. 


3°5500 0°7 167 0:5797 
40133 0°7092 0°5647 30°0 
3°8356 0°7573 0-6010 31:3 
38-9025 0:7548 0-5991 30:5 
Average ...... 3:8254 07345 0-5861 31:0 
Correction for radiation ... — 0-016 


30-984 
In these experiments the water-equivalent of the calorimeter 
was 1180°9, whence h=1565, 


and the E.M.F. to be found is 
3:8254 —0:7345 1565 x 32:5 x yJ 
58254  *xll10x10— — S586] 
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or 
2:395 x 10$ C.G.S. units, =2°395 volts. 

21. These numbers 1:198 and 2:395 volts lie close to those 
caleulated from Joule's figures by his own method of experi- 
menting, and also to those calculated from the heat evolved in 
the synthesis of copper and zinc sulphates from the metal, 
oxygen, and dilute sulphuric acid ; these latter quantities were 
found by Thomsen (Deut. chem. Ges. Berichte, 1872, vol. v. 
p. 170) to be respectively 56,216 and 108,460 per * gramme- 
molecule," or 28,108 and 54,230 per gramme-equivalent. A 
somewhat smaller number than the former of these (viz. 26,568) 
was found by Favre for the “heat of formation " of copper 
sulphate from copper, oxygen, and dilute sulphuric acid by the 
method referred to in $ 5. These various results may be thus 
contrasted :— 


Copper Sulphate. 


Heat evolved. | EMF. of 


Observers furnish- a er EE s 
ing the principal | Nature of method Per Per grm.- Reus (T volt 
data for calcu- of calculation. gramme | equivalent | " 10*0.G.8 
lation. of metal | of metal units) Et 


deposited. | deposited. 


Joule's own method, i; t 
Joule ...........- { fo oes } 836-4 | 26556 1171 
PE waxed 2 856 27178 1:199 


From formula i 
Joule ............ aper: qu beo 1-198 
^ From formula 
Julius Thomsen { e-H'xJ (8810&11) ff "77 


Favre ............*-- 


EE g : 49501 


pe: ean a " 1547 50277 2:217 

W oui ” 1619 52617 2:320 

1563-0 50798 2:240 

From formula l Ta 

Joule ............ { e-E—-HyJ (81D. | cee foe 2395 

Julius Thomsen { ; w Miren Hy oct à 54230 2-392 
| 


—— —— 
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_ 22. In reference to Julius Thomsen’s values, it is noticeable 
that some slight uncertainty in the precise values of the heat- 
developments in the syntheses Cu, O, SO; aq., and Zn, O, SO, aq. 
is introduced by the circumstance that these values aro cal- 
culated from determinations of the heat evolved by the direct 
combustion of metal to oxide, and that produced by solution 
of the metallic oxide in dilute sulphuric acid—these determi- 
nations being made by different observers necessarily working 
with different specimens of metallic oxides, and their results 
being averaged. Ditte has shown, however (Comptes Rendus, 
lxxii. pp. 762 & 878, and lxxiii. p. 108), that the heat deve- 
loped by dissolving a metallic oxide in an acid varies with the 
degree of heat to which the oxide has previously been exposed. 
Thus, with zinc oxide and dilute sulphuric acid, the following 
values were obtained per gramme-equivalent:— 

Gramme-degrees. 

Zinc oxide previously heated to 350? . . . . 9,890 

dark red heat . 11,016 

bright ,, . 12,138 


D 23 » 
2) » 


The value of this “heat of solution" was given by Favre as 
10,455, and by Julius Thomsen as 11,705, the temperature to 
which the zinc oxide had been previously heated not being 
stated. 

23. The experiments of Raoult above adverted to (§ 18) 
were conducted as follows:—A current from a Daniell bat- 
tery was passed through a galvanometer and a voltameter 
placed in a calorimeter, a derived circuit containing a sine 
galvanometer being also applied to the voltameter-plates; so 
that the current in this derived circuit virtually measured the 
difference of potential subsisting between the voltameter-plates. 
Calling f the “intensity of the derived current," and d that 
due to a Daniell cell working through the same resistance, 
and taking 23,900 as the ‘galvanic heat" (§ 17) of cach 
Daniell cell used, the total work done in the voliameter per 


gramme-equivalent will be represented by A x 23,900 gramme- 


degrees: subtracting this from the heat actually developed as 
such, a value in gramme-degrees is obtained representing the 
work done as chemical decomposition. In this way Raoult ob- 
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tained the following values for the chemical decomposition of 
water and copper sulphate:— 


Water. Copper sulphate. 
33,858 gramme-degrees. 30,407 gramme-degrees. 
34,229 » » 29,769 » » 
| 33,998 s j 29,683 T a 
Mean . 34,028 . , T 29,951 » » 


These mean values correspond respectively to 34,028 yJ = 
1:501 volt and 29,951 yJ 21:321 volt. The former number 
closely agrees with the above-cited results of Joule, Kiechl, 
and Favre, and with the number deduced by direct combus- 
tion of hydrogen ($ 32); the latter is somewhat larger than 
the values deducible from the observations of Joule, Julius 
Thomsen, and Favre, given in $ 21. | 

The mode of calculation employed by Raoult, however, was 
far less simple than would appear from this brief account of 
his results. He complicated the work by attempts to measure 
the amount of polarization set up in the voltameter; and from 
tho numbers thus obtained, together with the strengths of the 
derived currents and the amounts of heat actually generated 
as such, he calculated certain amounts of heat, to which he 
applied the terms “local heat"' and “ voltaic heat of the vol- 
tameter," the difference between which represented the heat 
equivalent to the chemical decomposition—4. e. the above 
numbers. On revising his formule, however, it becomes evi- 
dent that the determination of the amount of polarization of 
the voltameter-plates (a determination the accuracy of 
which is open to some criticism) is in no way involved in 
the determination of the heat equivalent to the chemical de- 
composition, inasmuch as the terms involving the amount of 
polarization in the expressions for the “local heat" and the 
“voltaic heat of the voltameter’’ are identical, and conse- 
quently become both eliminated in the expressions represent- 
ing the difference between these two quantities—i. e. the che- 
mical decomposition. 

24. It is evident that any method that will give a direct 
valuation by electrical measurements of the work done in the 
formation of a given compound in terms of E.M.F. will, 
when compared with the direct determination of the * heat of 
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formation" of the same compound by means of the calori- 


meter, enable a new valuation to be deduced for J, the mecha- 
nical equivalent of heat ; for the work done in the formation 
of a gramme-equivalent of the compound being found by the 
one method to be measured by e C.G.S. units, and by the 
other by À gramme-degrees, the relationship 


AJ =eQ= £ 
eQ x 


holds, where Q is the quantity of electricity requisite to oe 
pose a gramme-equivalent of — e. where Q=: (§ 7); 


whence J= e 
hy, 


If, however, the value of J is included in the value of e, as is 
necessarily the case when e is calculated by the formula 
£—E—HxJ (§ 11), this formula becomes 


whence 


25. In the case of water, a number of determinations of h 
(the heat evolved by the union of oxygen and hydrogen by 
combustion) have been made by various observers, but for the 
most part with slightly different values for the heat unit. 
Leaving out of sight the first approximate determinations of 
Dulong, Hess, and Grassi (respectively 34,743, 34,792, and 
34,666 gramme-degrees per 9 grammes of water formed), the 
following comparisons of these different determinations may 
be made, reducing them all, as far as possible, to the same 
conditions—viz. supposing the oxygen and hydrogen origi- 
nally used per gramme-equivalent of water (respectively 7:98 
and 1 gramme) and the water produced (8:98 grammes) to be 
all at 0° and 760 millims., the value of a gramme-degree being 
defined as the heat required to raise 1 gramme of water from 
0° to 1° C. 

The most recent of these determinations is that of Schuller 
and Wartha. By introducing hydrogen and oxygen at 0? into 
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a slightly modified Bunsen’s ice-calorimeter, burning them, 
and weighing accurately the water formed, these observers 
found (Pogg. Ann. [2] ii. p. 359), as the mean of four closely 
concordant valuations, that when 8:98 grammes of water are 
produced from 1 gramme of hydrogen and 7:98 of oxygen, the 
materials and products formed being all at 0° and 760 mil- 
lims., the heat produced is sufficient to raise 341:261 grammes 
of water from 0° to 100°; i. e. defining what they term a 
“mean calory to be yj, of the heat required to raise a 
gramme of water from 0° to 100°, the heat developed is 
34126°1 “ mean calories." According to Regnault (Mémoires 
Acad. Sciences, 1847, vol. xxi.), the specific heat of water at 
various temperatures is given by the formule 

Qzt + 0:00002 t? + 00000003 ¢, 

S —1-4-0:00004t 4-0:0000009 à; 
where Q is the quantity of heat required to raise a unit of 
weight of water from 0 to t, and S is the specific heat at t°; 
so that the mean specific heat between 0° and 100? (i. e. the 
value of a * mean calory ") is 1:005. On the other hand, 
Bosscha has revised the data on which Regnault founded his 
formule (Pogg. Ann. Jubelbd. p. 549), and gives the two 
following expressions for the quantities Q and S:— 

Qt +0:00011 2, 
Sz1-40:00022t; 

whence the mean specific heat between 0? and 100? is 1:011, 
a value largely exceeding Regnault’s. Employing Regnault's 
value, the heat-evolution observed by Schuller and Wartha 
becomes 34126°1 x 1:005 234,297 gramme-degrees ; whilst if 
Bosscha's formula be employed (as was done by Schuller 
and Wartha in comparing their results with those of other 
observers), the heat evolution becomes 34126:1x 1:011 = 
94,501 gramme-degrees. 

26. Shortly before these experiments were published, von 
Than found, by nearly the same mode of operating, that 1 
gramme of hydrogen and 7:98 of oxygen, at 0? and 760 
millims., liberate, in forming water, 33,928 gramme-degrees 
(Deut. chem. Ges. Ber. 1877, vol. x. p. 947). The chief dif- 
ference between his experiments and those of Schuller and 
Wartha was that, whilst the latter weighed the mercury 


~= 
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sucked into the calorimeter through the melting of the ice, 
von Than measured it in a capillary tube according to Bun- 
sen’s plan, using Bunsen’s value for a gramme-degree as above 
defined in terms of mercury sucked in. Schuller and Wartha 
calculate, from Bunsen’s data, that the quantity of mercury 
corresponding to a “mean calory" is 0°01541 gramme, 
whilst their own determinations give 0:015442; von Than 
used values corresponding to the former number, whilst 
Schuller and Wartha employed the latter. The differences 
between each of the values used and the true value are 
included in tho experimental errors of determination in 
the two heat-evolutions—viz. 34,297 (Regnault) or 34,501 
(Bosscha), found by Schuller and Wartha, and 33,928 ob- 
served by von Than. 

27. A few years previously Julius Thomsen found (Pogg. 
Ann, 1878, vol. cxlviii. p. 368), from three accordant obser- 
vations, that the formation of 17:96 grammes of water from 
dry oxygen and hydrogen, all materials and products being 
at near to 18°, produces an evolution of heat sufficient to raise 
the temperature of 68,207 grammes of water 1°, the water 
being to start with at close to 18°; the heat required to raise 
the temperature of the water produced being allowed for in 
the determination. From Regnault’s formula (§ 25) the 
specific heat of water at 18° is 1:00101, and from Bosscha’s 
1:00396 ; so that this observed heat-evolution corresponds to 
34103°5 x 1:00101 = 34138, or to 34103:5 x 100396 = 34239 
gramme-degrees per 8:98 grammes of water, according as the 
specific heat of water is calculated from the one or the other 
formula. If, however, the combination of the oxygen and 
hydrogen took place at 0? (producing water at 0°) instead of 
at 18? throughout, the amount of heat-evolution would be 
increased by a—b; where a is the heat given out by 8:98 
grammes of water in cooling from 18? to 0°, and b the amount 
of heat required to raise 1 gramme of hydrogen together with 
7°98 grammes of oxygen from 0° to 18°. Since the specific 
heats for equal weights under constant pressure of oxygen and 
hydrogen are respectively 0:218 and 3:405, the value of a—b 
is sensibly 69 gramme-degrees ; so that Thomsen’s value be- 
comes 34,207 if Regnault’s formula is used, and 34,308 if 
Bosscha’s be employed. 


- 
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28. Favre and Silbermann found (Annales de Chimie [3], 
xxxiv. p. 857) that when 9 grammes of water were formed 
from oxygen and hydrogen, the gases being at a mean tempe- 
rature of 9° (at 6? to commence with and 12? to end with), 
and the water produced being at 6° (the heat required to raise 
the temperature of the water produced being taken into ac- 
count in determining the water-equivalent of the calorimeter), 
the average heat-evolution sufficed to raise 34,462 grammes 
of water 1°, the water being at the average temperature of 9°. 
According to Regnault’s formula the specific heat of water at 
9? is 100043, and according to Bosscha’s 1:00198 ; whence 
the heat-evolution per 8:98 grammes becomes 


= x 34462 x 1:00043= 34400, 
or 
oo x 33462 x 100198 = 34453, 


according as the one or the other formula is used. To this 
must be added a quantity c—d to reduce the value to that 
which would have been produced had the gases and water 
produced been all at 0°: c is the heat given out by 8:98 
grammes of water in cooling from 6° to 0°, whilst d is the 
heat required to raise the hydrogen and oxygen from 0° to 9°; 
whence c—d is sensibly 8 gramme-degrees. So that the heat- 
evolution becomes 34,408 by Regnault’s formula, and 34,461 
by Bosscha’s formula. 

29. Andrews found (Phil. Mag. 1848, vol. xxxii. p. 321) 
that a litre of dry hydrogen gas at 0° and 760 millims., in 
combining with oxygen, the gases being at the average tem- 
perature of 19°7, produced (on an average of four accordant 
experiments) enough heat to raise 3036 grammes of water 1°, 
the water being at an average temperature of 20°7, and the 
calculation not including the heat required to raise the water 
produced from the average initial temperature of 19°-7 to the 
average final temperature 21°8. Since a litre of hydrogen at 
0° and 760 millims. weighs 0-089578 gramme (Regnault), 
the corrected heat-evolution per gramme of hydrogen burnt 
(i. e. per 8:98 grammes of water produced) would suffice to 


heat +19=33,911 grammes of water 1°, the water 


0:089578 
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being at 20°7. According to Regnault’s formula the specific 
heat of water at 209.7 is 1:00122; according to Bosscha’s 
formula, 100455. Hence the heat-evolution is 33911 x 1:00122 
= 33952 (Regnault’s formula), or 33911 x 1:00455 — 34065 
(Bosscha’s formula). To this must be added a quantity e—f 
to reduce the value to that which would have been produced 
had the gases and water formed been all at 0°, e being the 
heat given out by 8:98 grammes of water in cooling from 
199-7 to 0°, and f that required to heat up the constituent 
hydrogen and oxygen from 0° to 19°7 ; so that e—/ is sen« 
sibly 76 gramme-degrees ; whence finally the heat-evolution 
becomes 34,028 by Regnault’s formula, and 84,141 by 
Bosscha's formula. 

80. These reduced values may therefore be thus contrasted :— 


By Regnault’s By Bosscha's 


formula. formula. 

Schuller and Wartha 34297 34501 
Von Than . I 33928 33928 
Julius Thomsen : 34207 34308 
Favre and Silbermann `. 34408 34461 
Andrews 34028 34141 
Mean 34174 34268 


That is, the average of these different determinations indicates 
that by the combustion of 1 gramme of hydrogen and 7:98 
grammes of oxygen to water, the gases and water produced 
being at 0° and 760 millims. throughout, the heat produced 
would raise the temperature of 34,174 or 34,268 grammes of 
water from 0° to 1° C., according as Regnault’s or Bosscha’s 
formula for the specific heat of water is used. It is noticeable 
that the latter formula makes Schuller and Wartha’s most 
carefully made experiments appear abnormal, by showing a 
much greater divergence, both from von Than’s (mado by 
essentially the same method) and from the general average, 
than is the case when Regnault’s formula is employed ; and 
hence an additional reason is derived for viewing Bosscha’s 
alleged corrections of Regnault’s numbers as being more open 
to objection than these numbers themselves. 

If the combination of the oxygen and hydrogen be supposed 
to take place at 20° instead of 0? (i. e. if the gases used and 
water produced be all at 209), the heat-evolution will be less 
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than that calculated above by 9 —À gramme-degrees, where g 
is the heat required to raise 8:98 grammes of water from 0° to 
20°, and A that requisite to raise the constituent gases through 
the same range, t. e. where g—h= sensibly 77 gramme-degrees. 
W hence, if water be decomposed at 20? and 760 millims. into 
oxygen and hydrogen at the same temperature and pressure, 
the heat-absorption is 34,097, using Regnault’s formula, and 
34,191 using Bosscha’s formula. Similarly at 15°, the cor- 
rection g —À would be 58 gramme-degrees, giving the values 
84,116 (Regnault's formula), and 34,210 ( Bosscha's formula). 

31. On the other hand, experiments have been cited above 
($8 2 & 5), made by Joule, Kiechl, Raoult, and Favre, giving 
the following values for the heat-absorption during the elec- 
trolysis of water at the ordinary temperature:— 


Joule. . . . . 33557 
Kiechl . . . . 383653 
Raoult - . . . 34028 
Favre . . . . 84204 


Mean . . 33860 


As these values are mostly calculated per 9 grammes of 
water, this average value should be reduced in about the pro- 


8:98 
portion of j 


calorimeter observed represents a slightly higher number of 
gramme-degrees than that stated, on account of the increase 
of the specific heat of water with the temperature, the average 
value requires slightly raising from this cause. After making 
all probable allowances for these corrections, however, the 
mean value stil remains perceptibly lower than that calcu- 
lated as above from the results of Schuller and Wartha, von 
Than, Julius Thomsen, Andrews, Favre, and Silbermann. 

On the whole, the data at present extant may be taken to 
show that when 8°98 grammes of water are formed from gaseous 
oxygen and hydrogen at the ordinary temperature (15° to 20°) 
throughout, the evolution of heat is sensibly that required to 
raise the temperature of 34,100 grammes of water from 0° to 
1° C; or when 1 gramme is formed, the heat-evolution suffices 
to raise 3797 (or practically 3800) grammes from 0° to 1°C., 
this value being taken from the reductions by Regnault’s 


; but since the increase of temperature of the 


+ 
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formula as being probably more accurate than those made by 
Bosscha’s alleged corrected formula. 

32. A number of observations, the details of which are 
given in Part II., show that, admitting the accuracy of Lati- 
mer Clark’s valuation of the E.M.F. of his standard cell (Proc. 
Roy. Soc. 1872, vol. xx. p. 444) as being 1:457 x 10? C.G.S. 
units at 15°, the value of e in the expression ezsE— HxJ 
(§ 11) is 1:5003 x 10° C.G.S. units when water is electrolyzed 
at a temperature of 15°-20°, the value of J being taken as 
42 x 10*—the probable error of the mean result being 4-0:0048, 
or +0°32 per cent. Owing, however, to certain causes de- 
tailed in Part II. (§ 39), this value is slightly too low—this 
result being esentially due to the impracticability of collecting 
every trace of gas evolved, so that the value of H (the heat 
evolved per gramme-equivalent of water decomposed) is 
slightly overvalued, and hence e slightly undervalued. 

From the combustion experiments of previous investiga- 
tors, summarized in the preceding eight paragraphs, it results 
that the value of e in the expression e = H’yJ ($ 11) is 
1:5038 x 10? (since H’=34,100), J being, as before, taken as 
42x 10°. These numbers, 1:5008 x10? and 1:5038 x 10%, 
accord so closely as to show that (so far as these experiments 
can decide) the value of J cannot be far from 42 x 105. Ap- 
plying the formula = 

17 (EP, 
($ 24) to the experimental data given in Part II., the average 
value deduced for J is 41:96 x 10°, this value for J giving the 
following values for e :— 


From formulae=E—HyJ . . e=1°5023 x 10° 
” » e—H'*wJ . . . ez195024x 10°. 


Since, however, the mean value of H is slightly overvalued, 
it results that the value of J finally deduced is slightly above 
41:96 x 105, with a probable error of less than +0°4 per cent., 
i. e. of less than 2-0:016 x 10°, due to the electrolytic experi- 
ments, the probable error in the determination of H' not being 
taken into account. 

33. It is evident that, considering the nature of the data 
from which this conclusion is drawn, not much dependence 
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can be placed on the final value of J deduced except as an 
approximation. It is noteworthy, however, that this value of 
J very closely agrces with that deduced by Joule in 1867 
B. A. Reports, 1867), by determining the heat producible 
in a wire of known resistance by a known current, and that 
both are perceptibly higher than the value obtained by 
Joule by means of water-friction &c. in 1850 (Phil. Trans. 
1850, p. 61); whilst this older value is completely corrobo- 
rated by his recently made experiments on water-friction &c. 
(Phil. Trans. 1878, p. 365). In 1850 Joule found that the 
heat required to raise 1 lb. of water (weighed in vacuo) from 
t to t+1 (where t lies between 55° and 60° F.) corresponded 
to the following number of foot-pounds at Manchester :— 


By friction of water . . . 772°692 
j » mercury . . 774:083 
” »  casbtiron . . 774:987 


Of these values the first was considered probably the most 
accurate; and as a little vibration and sound was unavoidable 
in the experiments, the round number 772 was adopted as the 
most probable value. The 1878 value finally arrived at is 
that the heat required to raise 1 lb. of water (weighed in vacuo) 
from 60? to 61? F. corresponds to 772:55 foot-pounds, and is 
hence sensibly identical with the former result. The 1867 
values, however, were as follows, expressed in foot-grain- 


second units:— 
Per grain degree F. 
| (water weighed in air). 
lst series. Mean of 10 experiments . . 25335 
2nd ,, » 15 j . . 25366 


3rd , » 80 , . .. 95217 


Of these the last value was taken as most exact ; when reduced 
to water weighed in vacuo it becomes 25187. As in this series 
the average temperature of the calorimeter was 18?:63 C. — 
659-5 F., the final result is that, to raise the temperature of + 
1 gramme of water from 65? to 66? F., requires 25,187 foot- 
grain-second units of work. 

34. When reduced to C.G.S. measure and degrees Centi- 
grade the three values, 772:692 foot-pounds, 772°55 foot- 
pounds, and 25,187 foot-grain-second work units, become 
respectively 41:60, 41:59, and 42:14 megalergs per gramme- 
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degree, the value of g at Manchester being taken at 981:3. 
(Compare illustrations of the C.G.S. system of units, by Prof. 
Everett, p.51.) Since, however, the specific heat of the water 
at the three assigned temperature-limits, 55°-60°, 60°-61°, 
and 65?-66? F., is not quite the same, on reduction to the 
gramme-degree taken above as unit (the heat requisite to raise 
1 gramme of water from 0° to 1°C.), these values become 


41°60 41:59 42:14 
T0008 74197. pooo 71194, and 10010 
megalergs respectively when Regnault's formula for the spe- 
cific heat of water (§ 25) is taken; whence the mean value 
of J is 41:555 megalergs from the two sets of friction 
experiments (1850 and 1878), and 42:10 by the electric-cur- 


rent method (1867)—the latter consequently being a iD e 


= 42°10 


1:0181 times the former, or 1:31 per cent. in excess. The 
value for J deduced above from the writer’s experiments (viz. 
41°96 megalergs) is d o =1:0098 times that got from 
Joule’s friction experiments, showing an excess of 0:98 per 
cent. Hence, on the whole, the writer's numbers and Joule’s 
1867 values concord much more exactly than might have been 
anticipated, each showing an excess over Joule's water-friction 
value (1850 and 1878) of about 1 per cent., Regnault’s 
formula being employed for reducing the observed rise of 
temperature to gramme-degrees at 07-1? C. 
35. Reasons have already been given (§ 32, vide also Part II. 
6 39) for supposing that the value 1°5003 found for the E.M.F. 
representing the affinity for oxygen and hydrogen in water is 
slightly understated. The effect of an error of this kind would 
be to raise the value of J deduced by the formula 
E 
J= riy 9» 


and hence to make the excess of the value of J thus deduced 
over Joule’s water-friction value to be somewhat more than the 
1 per cent. or thereabouts just calculated. It is worthy of 
notice that there is also reason for supposing that Joule’s 1867 
value is understated. Experiments are described in Part II. 
the result of which is to show that an unobserved source of 
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error existed in Joule’s 1867 experiments, the effect of which 
was to diminish the value of J thence deduced by an amount 
probably equal to some tenths per cent.; so that on the whole 
Joule's 1867 value, when corrected, is probably from 1:5 to 
2:0 per cent. higher than his water-friction value (1850 and 
1878). 

This difference between the two values is precisely that 
which would subsist did an error to an equal amount exist in 
the B.A. resistance-unit valuation: i. e. ifthe B.A. unit were 
1:015 to 1:020 earth-quadrant per second instead of being 
exactly 1 earth-quadrant per second, the value of J deduced 
from Joule's 1867 experiments would be 1:015 to 1:020 times 
the true value; for itis calculated by the formula 

J= CR 

= 
where C is the current, R the resistance, ¢ the time, and H the 
heat evolved. Moreover the existence of such an error in the 
B.A. unit would cause a precisely corresponding error in La- 
timer Clark’s valuation of the E.M.F. of his standard cell 
(Proc. Roy. Soc. 1872, vol. xx. p. 444), this valuation being 
based on the determination of the resistance R between two 
points traversed by a known current C, the potential difference 
E between the points being equal to the E.M.F. of the cell, 
so that by Ohm's law E- CR ; and the effect of this would be 
io cause a precisely similar error in the value of J deduced 


by the formula J — EY , às in the writer's experiments. 


36. In confirmation of the supposition that the B.A. unit of 
resistance is too large, Kohlrausch's experiments may be cited 
(Phil. Mag. 1874, vol. xlvii. pp. 294 & 342). A careful compari- 
son of several copies of the B.A. unit with coils standardized by 
himself in absolute measure led Kohlrausch to the conclusion 
that the B.A. unit is really 1:0196 earth-quadrant per second, 
or 1:96 per cent. too large ; for he found that the resistance of 
certain coils graduated in Siemens mercury units averaged 
0:9717 x 10? C.G.S. units, whilst the B.A.-unit coils averaged 
1:0493 times the resistance of the Siemens coils, giving there- 
fore for the B.A. unit the value 

0:9717 x 1:0493 x 10°=1:0196 x 10°. 
On the other hand, it is to be observed that Lorenz has 
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made a determination of the value of a Siemens mercury unit 
with a lower result (Pogg. Ann. 1873, vol. cxlix. p. 251), viz. 
0:9337 earth-quadrant per second.  Lorenz's mercury-tubes 
were made by himself; and it does not seem from his paper 
that any evidence was obtained of the purity of the mercury 
used other than the fact that its specific gravity at 5°°3 C. was 
13:586 after digesting for a long time with nitric acid. These 
mercury-tubes do not seem to have been compared directly 
with any B.A.-unit coil so as to give the value of the B.A. unit 
in absolute measure ; on comparing them with a reputed Sie- 
mens unit, Lorenz found a difference of nearly 1 per cent. 
(0:943 x 10? as against 0:9337 x 10°)—the difference between 
Lorenz's mercury-tube value of a Siemens unit and the value 
of the latter in B.A. units, as deduced by Kohlrausch, being 


nearly exactly double this amount, or nearly 2 per cent., - 
x 1090-9530 x 10° as against 0°9337 x 10°. Braye: 
37. Yet, again, values for J have been obtained by other 
observers considerably higher than that deduced from Joule’s 
water-friction experiments. The following Table (mainly 
taken from Prof. G. C. Foster’s article “ Heat" in Watts’s 
* Dictionary of Chemistry,' 1st Supplement, p. 687) gives the 
chief of these results expressed in gravitation measure, no cor- 
rections being made for differences in the value of -g at the 
various localities where the experiments were made, or in the 
specific heat of water at different temperatures. The last 
column gives the approximate ratio of the value found to that 
deduced by Joule from water friction, this latter being taken 
as 429:5 metre-grammes per gramme-degree Centigrade :— 


Ratio to 
Joule's 
Value of 
Obeerver. Method employed. water- 
J found. friction 
value. 
"Hie cc rahne o ld «ce tte taraen 4252 | 1004 
s aini Friction of water and brassa.......................eee. 432 1:020 
— Escape of water under pressure ..................... 433 1:023 
WE A eue heats of air ........ eee eee eee e e ette stete 441:6 | 1:043 
Joule ...... eat produced by electric currents ............».. 4203 | 1:014 
Violle...... v » induced currents etie RE : med 
gott ” ” » » copper) ... 30° 
pcs E Ue een e. MN) uns 4358 | 1-029 
sg. ialen W 5 lead) ...... 437°4 | 1033 
Regnault... Velocity Of sown secos cett ADD eret 437 1:032 
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On the whole, it is evident that further experiments are de- 
sirable as to the development of heat in circuits of resistance 
measured in terms of the B.A. unit by known currents, so as 
to establish as accurately as possible a connexion between the 
values of J and of the B.A. unit, so that if the first is assumed 
to be correctly given by Joule’s water-friction value the error 
(if any) in the B.A. unit can be calculated, or so that the value 
of J can be determined afresh when the precise value of the 
B.A. unit is known from further experiments. The writer 
hopes shortly to be enabled to communicate the results of ex- 
periments in this direction made by a method differing from 
that employed by Joule in certain important points, so as to 
avoid the sources of error existent in Joule's 1867 experiments 


(Part II.). 


Part IL.—2y Dr. C. R. ALDER Wricut and E. H. RENNIE, 
M.A. (Syd.), B.Sc. (Lond.), Demonstrator of Chemistry in 
St. Mary’s Hospital Medical School. 


Experimental Determination of the Electromotive Force corre- 
sponding to the Work done in the Decomposition of Water 
into Oxygen and Hydrogen at the ordinary temperature. 


38. In order to apply the principles described in Part I. 
(§§ 11, 18, 32), the current from a Daniell battery was 
passed through a voltameter placed in a calorimeter, and 
the average difference of potential between the voltameter- 
plates determined by connecting them with a quadrant elec- 
trometer standardized by a Clark cell (verified for us by Dr. 
Alexander Muirhead). The amount of decomposition being 
determined (=n grammes), and the quantity of heat, h, de- 
veloped in the voltameter observed, the data were obtained 
for the calculation of the E.M.F. representing the nett work 
corresponding to the sum of the physical and chemical changes 
taking place by the formula 


e=E _hayd . 
: "n 
a being the equivalent of the electrolyte. 


In the case of water acidulated with sulphuric acid, the 
following results were obtained. The voltameter consisted of 
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a wide test-tube of about 30 millimetres diameter, into the neck 
of which was fixed an india-rubber cork perforated with three 
holes: through the centre one passed a delivery tube of small 
bore for the collection of the evolved gases; through the 
other two, copper rods 5-6 millims. in diameter. To the lower 
ends of these were soldered equally thick platinum rods, 
the free ends of which were previously forged into spade-like 
plates which were arranged parallel to one another; the sol- 
derings and the portions of the copper rods inside the test-tube 
were imbedded in a thick mass of gutta-percha, with the three- 
fold object of keeping the plates at an invariable distance from 
one another (the voltameter being also intended for some other 
experiments in which this was essential), of protecting the 
copper and soldering from corrosion by the acid and the con- 
sequent introduction of metals into the solution electrolyzed, 
and of filling up the upper space in the tube, so that any error 
due to alteration in temperature of the voltameter and conse- 
quent retention therein of varying quantities of gas should be 
rendered negligible. The projecting ends of the rods were 
passed through small india-rubber corks and amalgamated ; 
by then fixing short pieces of wide glass tubing over these 
smaller corks and pouring mercury into the cups thus formed, 
connexion by mercury-cups could readily be established be- 
iween the battery and the voltameter-plates. 

This arrangement of mercury-cups was also applied to the 
copper Daniell-battery cells, a thick wire bent downwards and 
amalgamated at the end being also soldered to each zinc plate so 
as to dip into the mercury-cup of the next cell. Much trouble 
in brightening connexions &c. was thus saved; the current 
could readily be broken instantaneously by simply lifting one 
of the zinc plates an inch or so, so that the wire no longer 
dipped into the mercury ; whilst an easy means was afforded 
of introducing more cells or shutting some out from the cir- 
cuit when required without actually interrupting the current. 

89. A number of attempts were made to utilize Bunsen 8 
ice-calorimeter for the measurement of the heat evolved; the 
construction of apparatus sufficiently large to enapie conside- 
rable amounts of heat to be measured accurately, however, 
was found to present some difficulties; whilst with smaller 
apparatus the errors of measurement of the amount of gas 


T2 
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evolved became considerable, even when the voltameter was 
connected with the gas-measuring apparatus used for Frank- 
land and Armstrong’s water-analysis process; for the occlu- 
sion of the evolved gases by the electrodes, the absorption of 
oxygen by the acidulated water of the voltameter, the pro- 
duction of ozone or of hydrogen dioxide, and the removal of 
hydrogen whilst still nascent from the one electrode by com- 
bination with dissolved oxygen, and of oxygen from the other 
by combination with dissolved hydrogen, present sources of 
diminution in the amount of gas actually evolved, which mostly 
become relatively greater with weak currents, such as would 
have to be employed with a small ice-calorimeter. Although 
it did not appear to be impracticable to overcome these diffi- 
culties, yet it was found that to do so would require a consi- 
derable amount of time and trouble; and therefore we reverted 
to the use of an ordinary water-calorimeter, emploving cur- 
rents of sufficient magnitude to furnish upwards of 500 cub. 
centims. of mixed gases during the time which the experiment 
lasted (from ten to forty-five minutes, according to the battery 
power used). Even with the strongest currents used, repre- 
senting about 0°65 C.G.S. current-unit, the amount of sub- 
stances formed capable of liberating iodine from potassium 
iodide corresponded to no more than ‘001 to 002 gramme of 
iodine per 500 cub. centims. of gas produced, representing a 
diminution in the volume of gas evolved practically quite in- 
appreciable. The gas-measuring apparatus in our possession 
being incapable of measuring so large a quantity as 500 cub. 
centims., we employed the method used by Joule for deter- 
mining the volume of gas produced, viz. collection over water 
in a bottle, the weight of which was known when filled with 
water and closed by astopper. To determine the gas collected, 
the bottle was immersed for some minutes in a large bucket 
of water, the temperature of which was known; when the gas 
had attained the temperature of the water, the bottle was 
raised until the level of the fluid inside and out was the 
same (i. e. until the pressure was atmospheric); the stopper 
was then inserted and the bottle removed, wiped dry, and 
weighed. In this way a close approximation to the quantity 
of gas produced was obtained, the error being one of defect, 
owing to the sources above mentioned and the absorption 
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of oxygen by the water during the process of collection. From 
the number of cub. centims. of mixed gases thus obtained 
(reduced to dryness, 0° C., and 760 millims.) =v, the weight of 
water decomposed, w, was calculated by the formula 

w=v x 0:0005363, 


the coefficient 0:0005363 being deduced from Regnault’s ob- 

servations that 1 litre of dry hydrogen and oxygen at 0? and 

760 millims. weigh respectively 0:089578 and 1:429802 

gramme, | 

whence 2 grammes of hydrogen occupy 22:327 litres, 
and 15°96  ,, oxygen 5 11:162 ,, 


ee ap 


so that 17:96 grammes of detonating gas occupy 33:489. ,, 


or 1 cub. centim. of detonating gas weighs nee 
gramme. 

40. The calorimeter employed in these experiments con- 
sisted of a glass beaker capable of holding about 1500 cub. 
centims., fitted closely inside a polished tin cylinder supported 
(on a wooden block and several folds of wadding) concentri- 
cally inside a similar tin cylinder, so that about an inch of air- 
space everywhere intervened between the two tin surfaces, the 
two tin cylinders being kept in the same relative positions by 
cork wedges. This outer cylinder was weighted with lead and 
sunk inside a third similar larger cylinder filled with water; so 
that the calorimeter itself was surrounded on all sides, saving tho 
top, by a water jacket. Polished tin lids for the calorimeter and 
the outermost vessel were provided, perforated with holes for 
the passage of the voltameter (in the axis of the cylinders), 
of the thermometers employed, and of the stirrers ; these latter 
consisted of annular horizontal metallic plates, with stout 
vertical wires attached, so that by moving them up and down 
a very effective agitation could be accomplished. The ther- 
mometers were graduated in millimetres, and were carefully 
calibrated and checked against one another and against a 
Kew-standardized thermometer. The one used for the inner 
vessel was found to be sensibly uniform in calibre at the part 
where the observations were made (chiefly that corresponding 
to 12°-20° C.); and at this part the value of 1? C. was 11:28 


—0:0005363 
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millims. Several careful determinations of the water-equiva- 
lent of the calorimeter (including the stirrer, thermometer- 
bulb, and voltameter, which always contained 20 grammes of 
acidulated water containing 22 per cent. of H,SQ,,) gave 
numbers varying from 1092 to 1097, and averaging 10945 
grammes when 1000 grammes of water (weighed in a vacuum) 
were placed therein. 

4]. In order to obtain with as great a degree of accuracy 
as possible the corrections for radiation with this instrument, 
a large number of observations were made of the rate of al- 
teration of the reading of the calorimeter-thermometer under 
various conditions, viz. when the water jacket was hotter or 
colder than the calorimeter, and when the calorimeter was 
warmer or colder than a thermometer-bulb placed a few inches 
above the outer lid, so as to indicate the temperature of the 
air together with the effect produced by radiation from the 
hand during stirring. It was found that all the observations 
could be expressed with a fair degree of accuracy by the for- 
mula 


22016 (M—m) 4-0:0225N, 


where æ is the alteration of the calorimeter-temperature (loss 
of heat) in millimetres per hour, M the difference between the 
average readings of the calorimeter and water-jacket thermo- 
meters during the period of observation, m a small correction 
(derived froin a specially constructed table) to reduce the scale- 
reading of the second of these thermometers to that of the 
first, and N the difference between the average temperature 
of the calorimeter and that of the air, as indicated by the 
third outer thermometer and expressed in terms of the scale 
of the calorimeter-thermometer. Thus, for example, the fol- 
lowing table illustrates the observed and calculated values of 
*. Itis noticeable, en passant, that whilst the heating or 
cooling effect of the airon the calorimeter exerted through 
the double lid is, for equal differences of temperature, much 
less than that of the water jacket, it is still not negligible, 
amounting to about + of that of the jacket. 
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Water jacket | Water jacket 
colder than | colder than 
room. Calori-jroom. Calori- 
meter slightly | meter warmer 


Water jacket | Water jacket 

warmer than | colder than 

room. on room. Calo- 
meter colder |rimeter colder: : 

: : ; warmer than| than jacket 

than jacket than jacket and jacket and | and slightly 


primis ida an | colder than | colder than 


room. 


Obs. | Calc. | Obs. | Calc. | Obs. | Calc. 


— | ems | —— oe — — — | ———— | ———À— | — ?—áás | ee ore 


42. It is evident from these numbers that the difference 
between the observed and calculated rates of alteration per 
hour rarely exceeds 0'2 millimetre, and averages much less ; 
so that the difference between the results deduced by the for- 
mula and those attained by direct observation is practically 
negligible for all experiments lasting for only half an hour or 
less. In order, however, to diminish any error in the radia- 
tion-correction caused by the use of the formula, a threefold 
determination was made, as follows, the average of the three 
observations being taken. First, the correction was esti- 
mated from the observed average values of M and N through- 
out the experiment. Secondly, the rate of alteration of tem- 
perature of the calorimeter (rising) before the experiment was 
commenced was determined by observations made for 30-60 
minutes before commencing; and, similarly, the rate of altera- 
tion (falling) was determined by observations made for 30-60 
minutes after concluding, and the mean of the two rates 
taken. Thirdly, the rate of alteration at the commencement 
of the experiment was calculated from the values of M and N 
then observed; and similarly the rate of alteration at the close 
was calculated from the then values of M and N, and the mean 
taken as before. The three values rarely differed from their 


252 MESSRS. WRIGHT AND RENNIE ON THE DETERMINATION OF 


mean by so much as 0°1 millimetre per hour. Thus the fol- 
lowing values were obtained in an experiment lasting eighteen 


minutes, the + value meaning loss of heat, and the — sign 
gain", 


Millims. per hour. 
Value of x obtained by first method 
(formula applied to mean values of —1:00 
M and N) a; uw d 
Value of x obtained by second method. 
Observed rate of alteration be- 
fore experiment commenced —4:1 Mean =—1-05 


Observed rate of alteration 
after experiment concluded  --2:0 


Value of z obtained by third method. 
Calculated rate of alteration at 


commencement . . . .—4°0 Pte =—1°02 
Ditto at close. . . . . . +195 


Average —1:02 
Hence the radiation-correction for the eighteen minutes 

during which the experiment lasted is x x 1:02 = —0°31. 
43. The above correction, however, is not the only one to 
be applied ; for the water in the voltameter gets heated more 
quickly than the calorimeter, and after the end of the experi- 
ment some time is required for the heat retained in the volta- 
meter to become uniformly diffused throughout the calori- 
meter by passage through the glass wall of the voltameter. 
‘It was found that 6 or 7 minutes sufficed to bring about 
perfect equalization of temperature; so that during the first 
5 minutes or so the temperature of the calorimeter slightly 
rose, and then began to fall again from the cooling effect of the 
radiation. Accordingly, to determine the true amount of rise 
in temperature during the experiment, the thermometer was 
read 8, 10, and 12 minutes after the conclusion—the loss by 
radiation during these several periods of 8, 10, and 12 minutes 


* This particular experiment, is selected as an illustration because the 
temperature-corrections detailed in this and the subsequent paragraphe are 
larger than those in almost any other of the 18 experiments made in all 


($ 46). 
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being added on to the observed temperature at the ends of 
these periods severally; the mean of the three numbers thus 
obtained was taken as the true temperature that would have 
been observed at the end of the experiment had the heat re- 
tained in the voltameter been diffused throughout the calo- 
rimeter at that moment. The loss during these three periods 
is calculated from the data in the latter two methods just 
described for the determination of the radiation-correction 
during the experiment: thus, in the illustration given, 


illims. 
per hour, 

Observed rate of alteration afterexperiment concluded + 2'0 
Calculated " » - 4- 1:905 
Mean +197 


Hence the losses by radiation during 8, 10, and 12 minutes 
are respectively, --0:26, +0°33, and +0°39; and the true 
rise in temperature of the calorimeter is found thus :— 

£8. — t-10. t=12. 
Reading of calorimeter-ther- 
mometer ¢ minutes aer } 201:06 
conclusion of experiment 


Radiation-loss pe t mi- ; , ; 
EE (] 4026 +033 +039 


€ —MMÀ p — 


Calculated tepert of 
j^ 201:31 — 201:33 20129 


201:0 2009 


calorimeter at close of 
experiment . 


Average . . . . . . 201:31 millims. 


Heading of calorimeter-thermometer at ko 1607 


commencement of experiment . ý 


Calculated rise of thermometer. . . . 34°61 
Correction for radiationduringexperiment — 0°31 


Corrected rise of thermometer . . . . 23430  ,, 


Since the water-equivalent of the calorimeter &c. is 1094:5, 
and 11:28 millims. of the thermometer-scale represent 1? C., 
the amount of heat actually produced is 

94:30 


‘i108 * 1094°5 = 3328 gramme-degrees. 
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44. Two other small corrections also have to be applied to 
the heat-evolution thus determined. In the first place, the 
escaping gases pass out saturated with moisture, the evapo- 
ration of which absorbs a certain amount of heat. In each 
experiment the average temperature was close to 15°, at which 
temperature the tension of aqueous vapour is 1°27 centim. or 
= atmosphere, —1:67 per cent. Hence every 1000 cub. 
centims. of evolved gas would contain 16:7 cub. centims. of 
water-vapour (at 0? and 760), weighing 0:0134 gramme; the 
latent heat of water-vapour at 15? being nearly 600, this 
would represent very nearly 8 gramme-degrees per litre of 
evolved gases. Inasmuch as the gases were evolved not from 
pure water but from water containing 22 per cent. of sul- 
phuric acid, it is likely that the gases actually evolved con- 
tained slightly less moisture than the normal saturating 
amount; but as in most of the experiments only about 500 
to 550 cub. centims. of gases were evolved, the total correc- 
tion is only about 4 gramme-degrees, and a trifling error in 
its estimation is negligible. 

In the next place a minute amount of heat is absorbed in 
separating from sulphuric acid the water electrolyzed. From 
the experiments of Favre and Quaillard (Comptes Rendus, l. 
p. 1150), 98 grammes of sulphuric acid already mixed with 216 
of water (forming a dilute acid of composition H,SO,+ 12H;0) 
evolve 483 gramme-degrees when 72 grammes more of water 
are added (forming H;80,--16H,O). The further addition of 
72 grammes more of water evolves 222 gramme-degrees, whilst 
the addition of a third 72 grammes (forming H,SO,+ 24H;0) 
evolves 141 gramme-degrees. From these numbers, by in- 
terpolation, it results that acid of strength H,SO,+20H;0 
(containing 22 per cent. of H,SQ,) will evolve close upon 
2:5 gramme-degrees when 1 gramme of water is added to such 
a quantity of acid nà not sensibly to alter its composition by 
dilution ; i.e. that for every gramme of water decomposed by 
electrolysis 2:5 gramme-degrees are absorbed. 

In the experiment the calorimetric details of which have 
just been given, the corrected heat-evolution finally becomes 
as follows :— 
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| | e-de2reee, 

Heat-evolution calculated from rise of ther- | 3398 
mometer corrected for radiation &c. . . 

Correction for heat absorbed by moisture in 
0°4967 gramme of mixed oxygen and vl 9:2 
drogen evolved during experiment . 

Correction for heat absorbed in separating 
0:4967 gramme of water from dilute st 1:2 
phuricacid , ,. . . . . . . . 


3338-4 


45. The value of E, the average difference of potential be- 
tween the voltameter plates, was found thus. Before the experi- 
ment commenced the scale of the clectrometer was standardized 
by means of a Clarke cell, several readings being taken by re- 
versal so as to obtain total readings each equal to double the 
deflection; after the experiment was concluded the scale was 
again similarly standardized. The difference between the two 
standardizings was always very small or nil, but frequently was 
just perceptible, owing to leakage of electrometer charge ; 
the mean of the two standardizings was taken to represent a 
potential difference of 


1:457 11— (£—15) x 00006} volt, 


where ¢ is the Centigrade temperature, and 0:0006 the altera- 
tion in E.M.F. per 1? C. (equal to 0°06 per cent. per 1°). As 
in the whole series of experiments taken together the average 
temperature of the cell was very close to 15?,the cell was 
assumed to have the constant average value 1:457 volt 
throughout. Throughout the experiment the potential diffe- 
rence between the electrodes was determined at as nearly as 
possible equal intervals of time by reversal, the quadrants 
being connected with the mercury-cups of the voltameter 
through the reversing-gear. As a general rule, the indicated 
potential-difference rose steadily throughout the experiment 
to the extent of from 3 to 6 per cent. of its initial value 
(owing to polarization of the electrodes); but in some cases 
this effect was just about compensated by a gradual diminu- 
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tion in current-strength, so that the potential difference re- 
mained nearly the same or slightly fell*. In the experiment 
the calorimetric details of which have just been given, the 
following values were obtained :— 


Scale- 
divisions. 
Value of Clark cell before experiment . . 80°65 


Mean . . . . . 80:60 


Average of 23 pairs of readings of potential difference be- 
tween voltameter-plates (commencing with 287:5 and slowly 
sinking to 231:0) =232°40. 

Average potential-difference in volts, 

232-40 

80:60 
Hence, taking 48:98, y=0°000105, and J —42 x 105, the 
value of e in the expression 


=p ^ud 
n 


x 1:457 = 4:201. 


becomes 1:540x 10°, since H=4:201 x 108, A=3338, and 
n=0°4967. 

46. In precisely the same way the following numbers were 
obtained in seventeen other experiments. 


* The fluctuations in the current and in the potential difference set up 
between the electrodes necessarily cause corresponding fluctuations in the 
amount of decomposition per second and the quantity of heat developed 
per second, and hence are allowed for, and (if not too great in extent) 
produce no effect at all on the end result. In just the same way, it is 
immaterial whether the electrodes are perfectly parallel and equal in size, 
whether the current passes more between their edges than between their 
centres, of what material they are made, and so on; for what is actually 
done is to measure the difference of potential between the mercury-cups 
at the ends of the thick copper rods connected with the electrodes, and also 
the quantity of electricity passing, &nd hence the total work done between 
the cups. The resistance ofthe cups and thick copper rods being inappreci- 
&ble, all this work must be done inside the voltameter between the elec- 
trodes, either as heat or chemical decomposition; the former being mea~ 
sured directly, the amount of the work representing the latter is known 
by difference. 
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À. 
E. Heat evolved 
ame | a —— um 
erence : 
- Grammes Further Val 
eror Sa | ohne corrected | eet | Value of 
proy bet decom- | Corrected | for the — axJ E-— —- axJ. 
el Modes ae other two, led n 
È iation | sources o 
absorption 


eee | ———— | es | eee eee ee | eee 


2-005 | -2821 1091 1096 |1:539»x 1091-456 x 10° 


a Danie 
4 is 3:065 :2740 1094 1009 |1:589 ,, |1:476 ,, 
4 s 9:134 "2764 1126 1131 |1621 ,, |l1518 ,, 
5 2 3:336 :2687 1129 1227 |1:808 , |1528 ,, 
6 2: 3:380 2695 1289 1294 |1:900 ,, 11:479 ,, 
6 eS 3:369 2676 1262 1267 |1875 „ |1:494 ,, 
8 " 9:714 2185 1543 1548 |2200 ,, |l514 ,, 
8 5 93:685 2194 1567 1572 |2228 ,, {1457 ,, 
8 » 9:746 2765 1552 1507 |2230 ,, |l516 ,, 
10 » 38777 2708 1553 1558 |2278 „ 11:499 ,, 
10 ^ 9:845 2815 1659 1664 |2341 „ ]l'504 ,, 
12 j 8-805 2708 1534 1539 |2250 ,, |1555 ,, 
12 j 8:830 2729 1606 1611 |2337 „ 114983 ,, 
12 3-979 2877 1833 1838 12530 ,, ILH49 ,, 
12 Daniells and 
6 Groves in 4°201 *4967 3328 3338 |2661 ,, |1540 , 
weak action. 
Ditto ......sessesse. 4:249 4934 3368 3878 |2711 , |1°538l ,, 
12 Daniells and 
6 Groves in 4:393 3379 | 2479 2484 |2912 ,, ||'481 ,, 
full action ...... 


1:5003 x 10? 
up en deviation 
rom mean, 
; 1:555 —1°5003 
On side of excess . — i5003 - 79:05 per cent. 
On side of deficiency i i =3°42 T 
r cent. 
“Probable error ” of one determination + 0°0202 = + 1:34 
5 jj result . . . +00048= 40:82 


Experiments on a possible Source of Error in Joule’s Valuation 
of J made in 1867 (Brit. Assoc. Reports). 


47. The method used by Joule in these experiments con- 
sisted essentially in the comparison of the resistances of a 
platinum-silver wire (made into a coil and immersed in a calo- 
rimeter) and of copies of the B.A. unit, and then passing a 
current, measured by a tangent-galvanometer, through the 
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coil and determining the amount of heat produced therein 
in a given time. The mean temperature of the calorimeter 
throughout a series of observations being determined, the re- 
sistance which the wire would possess at that temperature was 
calculated from the observed resistance at some other tempe- 
rature, the rate of variation in resistance of the wire with tem- 
perature used being known. Calling this calculated resist- 
ance R, the average current being C, and the time ¢ seconds, 


the value of J was deduced by the formula J a , where H 
is the heat evolved. 

It is evident that any error in the valuation of R must 
produce an error to exactly the same extent in the value of J 
thus deduced; and that such a source of error must have 
existed is evident from the circumstance that inasmuch as 
heat was continuously developed in the interior of the wire, 
and as an interval of time must necessarily elapse before heat 
could pass from the interior of the wire into the water by 
conduction, the temperature of the interior of the wire, and 
consequently the mean temperature of the wire as a whole, 
must have been somewhat higher than the mean temperature 
of the calorimeter. Apart from this, too, the wire must have 
been heated to a small extent above the whole mass of water 
in the calorimeter, owing to the adhesion to the wire of a film 
of warmed water which could not possibly be displaced by 
stirring absolutely pari passu with its becoming warmed. The 
very efficient automatic continuous stirring-arrangement 
adopted by Joule in the third series of investigations detailed 
in the paper referred to must necessarily have reduced this 
source of superheating of the wire to a minimum; but it is 
doubtful if it would wholly remove the additional tendency to 
superheating from this cause. 

48. In order to form some idea of the possible extent to 
which the wire might thus become superheated by currents of 
the magnitude used by Joule*, a platinum wire about 50 


* In Joule’s experiments the galvanometer made one turn only of 
0:62723 foot radius, the angular deflection varying from 26° to 32°; hence 


the currents must have lain between ee . 1. tan 26° and 


62723 x 30-48 d 
MES di elis  I.tan 32°, where 30-48 is the number of centims. in & 
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centims. long and 1:15 B.A. unit resistance was twisted into 
a spiral, the ends of which were soldered to thick copper rods 
surmounted with mercury-cups and passing through an india- 
rubber cork to keep them together: this spiral was immersed 
in a beaker containing about a litre of distilled water, the tem- 
perature of which was read off to 0°1 degree by a thermo- 
meter placed with its bulb almost touching the centre of the 
spiral ; by means of a broad horizontal ring of metal attached 
to a stout wire the water could be briskly agitated, to a much 
greater extent indeed than would be safe with a calorimeter in 
which splashing must be avoided. Currents of different 
strengths were then passed through the coil for periods of time 
varying from 20 minutes to an hour, a voltameter being also 
included in the circuit,and the total gas evolved collected as 
previously described. During this time the water was kept 
continually stirred, and its temperature observed at equal inter- 
vals of time, whilst the difference of potential existing between 
the ends of the wire was observed as frequently as possible by 
connecting the mercury-cups with a quadrant-electrometer 
standardized by a Clark cell before and after the experiment, 
precisely as above described. During the first two or three 
minutes the electrometer-readings always diminished through 
diminution of current by polarization of the voltameter-plates; 
afterwards they remained nearly constant, gradually rising 
through the increasing mean temperature of the wire, or 
slightly sinking if the current-strength diminished through 
continued use of the battery. During the first few minutes 
the readings were accordingly taken every 10 or 15 seconds 
without reversal, so as to obtain a large number of observa- 
tions giving the mean potential difference during this period ; 
subsequently the readings were taken by reversal at the rate 
of one pair per minute, the readings being divided into a 
number of groups corresponding to equal intervals of time 
(3 or 5 minutes), the average readings for each interval being 
again averaged to give the mean reading for the whole period ; 


foot and I the horizontal terrestrial magnetic force. Taking I=0:18, the 
currents must therefore have averaged about 0:3 C.G.S. unit. The resist- 
ance of the platinum-silver wire used was nearly equal to 1 B.A, unit = 109 
C.G.S. units. 
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so that for an hour’s observation more than 120 total readings 
were taken. 

49. In this way the following numbers were obtained, the 
amounts of gas collected being translated into C.G.S. current- 
units by the formula 


|. Vx00005883 V.n 
C= MxG0x 898 x 0000105 ^ T * 009479, 


where C is the C.G.S. current, V the volume of gas (dry, at 
0° and 760 millims.), T the time in minutes, and 0-0005363 
the weight in grammes of a cubic centim. of mixed gases at 0? 


and 760 (§ 39); i. e. where jn is the volume of gas evolved 


per minute. The resistance of the wire is calculated from 
Ohm's law (C= A whence R= > ) by dividing the average 
potential difference by the current. Every experiment was 
made as nearly as possible in the same way, so as to diminish 
sources of error and make the results comparable, the only 
noteworthy difference being that with the stronger currents 
shorter times were given, and the beaker of water in which the 
wire was immersed was slightly cooled at intervals during the 
experiment to avoid the temperature rising too high and having 
too wide a range. 


4655 x 108| 1:147 x10 
0:4275 » 1:152 , 


Average, 0:03885 


11495 , 

4 | 830 | 2443 | 00772 08931 , |1167 
6 | 90 | 461-7 | 01450 1697 , |1163 , 
9 | so | 777-9 | 02458 2881 , LIN n 
9 | 90 | 4934 | 02339 2732... |1168 |, 
Average 02398 |  ....]| ..... | 887 | ......... 11695 " 

12 624-7 | 02961 3400 ,, |1172 ,„ 


6386 | 0:3027 
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Since the average temperature of the water surrounding the 
wire was nearly the same throughout, not differing by more 
than a few tenths of a degree from the mean 8°75, the values 
in the last column are fairly comparable with one another ; 
whence it is evident that a notable rise in resistance of the 
wire is produced by each successive increase in current- 
strength. The resistance of the wire for a current of very 
small value would clearly lie under 1:1495 x 10°; so that the 
increase in resistance caused by currents of from 0°24 to 0°30 
11695—1:11495 , 1:1172—1:1495 


to —— —MAag-—— , or 


C.G.S. unit is at least T1495 1-1495 


1*7 to 2:0 per cent. 
90. In order to see what increase in mean temperature of 
the wire over that of the surrounding water this would re- 
present, the fourth experiment was repeated, using warm water 
(at about 279) to surround the coil: in this way the following 
numbers were obtained :— 
C.G.S. Average Potential- 
current. temperature. difference. Resistance. 
Water warmed . 01419 2725 1716x10° 1'209 x 10° 
» cold. . 01459 820 1:697x10® 1:163 x 10° 


Difference . 19:05 0:046 x 10? 


Since an increase in resistance of 0:046 corresponds to 19:05 
degrees,an increase of 0:0200 to 0:0225 would correspond to 8:3 
to 9:3 degrees; 1. e. currents of 0°24 to 0:30 C.G.S. unit caused 
a superheating of the wire above the temperature of the sur- 
rounding water to an extent averaging 8°3 to 99-3*. If it 
be admitted that in Joule's experiments a similar superheating 
to the extent of 89 to 9? may have taken place, the effect on 
the calculated resistance of the platinum-silver used would be 
to cause the amount to be underestimated by about 8 x 0:031 
— 0:25 per cent. to 9 x 0031— 0:28 per cent., 0:031 being the 
percentage increase in resistance per degree of the alloy used 
by Joule (this alloy was purposely not used by the authors, 


* This increase in resistance with temperature amounts to about 0:21 
per cent. per 1? C. Matthiessen found the average increase of pure metals 
to be about 0:37 per cent. per 1? C., that of an alloy of platinum and iri- 
dium containing 33 per cent. of the latter being only 0-06 per cent. per 1°; 
probably, therefore, this platinum wire was somewhat impure, very likely 
containing iridium, 

VOL III. U 
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in order to make the alteration in resistance, if any, more per- 
ceptible); that is, the value of J ultimately deduced would be 
about 0°25 to 0'28 per cent. too low. 

51. In order to see whether an increased amount of super- 
heating would be produced by only stirring the water sur- 
rounding the wire at intervals of one or two minutes instead 
of continuously, some of the above observations were repeated 
under these conditions with the following results, clearly show- 
ing that whilst no very material influence is exerted by dis- 
continuous stirring with weak currents, the effect is marked 
with currents of 0:23 to 0:29 C.G.S. unit. 


Resistance 


. Potential- 
Cellsin | Average Average . | at average 

battery. | temperature.| current. M " temperat us corrected to 

. of 8979. 

experiment. | 

3 (ae 003155 0:3628 1:150x10° | 1:152x10 

6 T25 0:1350 1:562 10157 ,„ 1:160 ,, 

9 8:30 0:2285 2717 189 ,, 1190 ,, 

12 7°70 0-2880 9:441 1195 , 1197 ,, 


52. In order to see whether any analogous effect would be 
produced by varnishing the wire, as was done in Joule's ex- 
periments (owing to possible diminution in rate of passage of 
heat from wire to water through diminished conducting-power 
of the varnish), a thin coat of clear filtered shell-lac varnish was 
lightly applied to the wire ; and after two days drying, somo 
of the observations were repeated, with the result of show- 
ing that whilst the effect of the varnishing was inappreci- 
able with a weak current, it became noticeable with currents 
of 0:14 to 0:24 C.G.S. unit. To make sure that the resist- 
ance of the wire itself had not been altered permanently by 
strain &c. during varnishing, the varnish was dissolved off by 
immersion in alcohol, after which the resistance-value again 
diminished to its former amount. Thus the following numbers 
were obtained ;— 
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Mean Potential- . : 
Current. temperature.| difference. Resistance. | 
[9] 
After varnishing ......... 0:0808 8:85 0:9347 x 108 | 1:157 x 109 
Before m (suprà) | 0:0772 8:00 08931 , |1:157 ,, 
Increase in resistance ...| Nil. 
After varnishing ......... 0°1426 8°79 1675 , |l174 , 
Before „p = ....... 0:1459 8:20 1697 „ |1163 ,, 
Increase in resistance ...|0'011 ,, 
After varnishing. ......... 0:2273 8:93 2676 , |1178 , 
Before Wero 5 es ere 0:2398 8:87 2806 ,, T1169 ,, 
Increase in resistance ... 0:009 ,, 
After varnish again .94: LL TT A 
eom) ...| 02426 875 | ens „ |1168 ,, 


Apparently, therefore, with the stronger currents the varnish 
produced an increase in resistance about equal to that due to 
an increase in temperature of from 4° to 59°; so that if the 
varnish in Joule’s experiments produced a similar effect, the 
total superheating must have been near 12° to 14°, represent- 
ing 0:37 to 0:43 per cent. of error in deficiency in the estima- 
tion of R, and consequently of J. 

53. Yet another source of error, and in the same direction, 
in these experiments of Joule’s lies in the fact that, in compa- 
ring the resistances of the B.A. unit and the experimental 
wire employed, the method adopted consisted in determining 
the angular deflections a, 8, and y produced in a tangent-gal- 
vanometer on passing the current from a given electromotor 
(1) through the galvanometer only, (2) through the galvano- 
meter and B.A.-unit coil, and (3) through the galvanometer 
and experimental wire—the resistance of the experimental 
wire being called v, and that of the unit coil =1, 


m (tan a —tan y) tan B 
(tan « —tan £) tan y 


Now, were the currents used so feeble that no appreciable 
amount of heat was developed by them in either wire, or were 
the two wires compared similarly sized and situated so as to 
be heated to equal extents, the value of x thus deduced would: 
be subject to no other errors than the instrumental and obser- 
` U 2 


264 ON THE DETERMINATION OF CHEMICAL AFFINITY, 


vational ones; but as the B.A.-unit-coil wires are imbedded 
in solid paraffin whilst the experimental wire was immersed 
naked in water (save for the film of varnish), it is evident that, 
if any heat at all had been generated by the currents employed, 
the B.A.-unit coil must have been more heated than the expe- 
rimental wire, as the heat developed could not pass away 
readily through the badly conducting solid paraffin. The cur- 
rents actually employed were sufficient to cause deflections of 
36° to 37° with a galvanometer of nine turns and 17 inches 
diameter, and of 34° to 50° with a galvanometer of eighteen 
turns and 17 inches diameter; so that the currents were of 
magnitude equal to from 


17 x 2°54 17 x 2°54 

ci . I tan 34 to TIMES x I tan 37 
(where I is the horizontal magnetic terrestrial force =0°18, 
and 2:54 is the number of centims. in an inch), or averaged 
about 0:04 C.G.S. unit. In a wire of 1 B.A. unit resistance 
a current of this magnitude would produce per minute 
0:04 x 0°04 x 10? x 60 

42 x 10° 

the wire to weigh 10 grammes and to have the specific heat 
0:04 (approximately that of an alloy of one part silver to 


2:39 gramme-degrees, which, assuming 


two of platinum), would raise its temperature I4 , OF 
nearly 6° per minute. BUS 

It would therefore seem from this rough estimate that the 
heat-development produced in the B.A.-unit coil by the cur- 
rents used may have been sufficient to raise its temperature 
perceptibly above that attributed to it; while the same result 
would not be produced to any thing like the same extent with 
the experimental wire, owing to the latter being immersed in 
water instead of solid paraffin. If it be assumed that this heat- 
development sufficed to raise the average temperature of the 
B.A.-unit coil during the observations 59 above that of the 
experimental wire (an amount of heating not at all unlikely 
to have occurred), the ultimate effect of this would be to 
cause the underestimation of R, and consequently of J, by 
9 x 0:031 =0:15 per cent. 
. 54. Hence, finally, putting together this source of error and 
that due to the superheating ofthe wire (increased by varnish- 
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ing), there is reason for supposing that the value of J obtained 
by Joule in 1867 by the electric-current method may be at 
least 0°5 per cent. too small; that is, instead of giving a value 
1°31 per cent. larger than that deduced from Joule’s water- 
friction experiments of 1850 and 1878 (Part I. § 34), the 
corrected value would probably be at least 1:8 per cent. larger 
than the water-friction value. 

The practical conclusion to be drawn from these experi- 
ments, then, is that,in any determination in which it is necessary 
to pass a current through a wire for any length of time, an 
appreciable error, through increase in the resistance of the 
wire, will be brought about by its becoming superheated above 
the temperature of the medium in which it is placed when the 
current exceeds a certain limit, the exact value of which ne- 
cessarily depends on the conditions. This source of error will 
affect determinations of E. M.F. made by such methods as those 
used by Latimer Clark in the valuation of his standard cell 
(Proc. Roy. Soc. xx. p. 444), and will similarly affect any 
experiments on the determination of J by methods based on 
the same principles as those involved in Joule's 1867 observa- 
tions, unless the mode of experimenting be modified in such a 
way as to eliminate this source of error, or at least to render it 
negligible. We propose to examine certain such modifications 
which have occurred to us as being likely to reduce this source 
of error to an inconsiderable amount. 


XXX. Determination of the Acceleration of Gravity for Tokio, 
Japan. By W. E. AYRTON and JOHN PERKY. 


As no experiments had, as far as we were aware, been made 
to determine the value of g in Japan, it appeared to us desi- 
rable that the value should be accurately measured, at any 
rate for our own college in the capital, Tokio. Consequently 
in 1877 an elaborate series of experiments was carried out by 
some of the students under our supervision. The method first 
employed consisted in experimentally finding two parallel axes 
in a pendulum on opposite sides of the centre of gravity, and 
in a plane with it, such that the times of oscillation about 
either axis would be the same. The distance, then, between 
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these axes experimentally found would, as is well known, be 
the length of the equivalent simple pendulum, from which g 
could be calculated by the formula 


tora / A 


Two Kater’s pendulums were employed—one made by 
Messrs. Elliott, and the other by Messrs. Negretti and Zambra. 
Borda's method of coincidence was employed ; that is, one of 
the Kater's pendulums was suspended exactly in front of the 
pendulum of a clock, consisting of a wooden rod carrying a 
brass bob and beating approximately seconds. One observer 
watched the two pendulums, vibrating one in front of the 
other, through a telescope some ten feet away; and at the in- 
stant a pointer attached to one of the pendulums exactly coin- 
cided with a line drawn on the other (the coincidence taking 
place in the axis of the telescope as observed by the cross-wires), 
a signal was given, and the time of the clock noted by two 
independent observers. A very large number of successive 
coincidences was in this way observed, then the Kater's pen- 
dulum inverted, swung on the other knife-edge, and the same 
thing repeated. From these experiments the exact time of 
vibration of the Kater's pendulum about either knife-edge 
was ascertained, and one or both knife-edges moved to di- 
minish the difference in the time of vibration, and the whole 
experiment repeated. 

But although these observations, first with one of the 
Kater's pendulums and then with the other, were continued 
for some months, many thousands of vibrations being observed 
by the students, who worked at these experiments in their 
usual most praiseworthy way, the results were always unsatis- 
factory. For an approximate value of g for any part of the 
earth's surface can be calculated by a formula developed by 
Clairault, who from pendulum-experiments made at a variety 
of latitudes on the earth's surface has shown that, approxi- 
mately, for any latitude X and any height / centimetres above 
the level of the sea, 


g = 980°6056 — 2:5028 cos X —0:000003 A. 
As the latitude of the Imperial College of Engineering, 
Tokio, is about 35° 39’, Clairault's formula gives for g the 
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value 979-7 centimetres per second per second. But the value 
obtained by the series of experiments made with the Kater's 
pendulums differed too much from this and from one another 
to allow of our trusting them. 

We therefore decided on employing a totally different me- 
thod and a much less laborious one:—A brass ball 23522 
grammes in weight was suspended by a long steel wire 0:45 
millimetre in thickness, and in the earlier experiments 978°7 
centimetres in length. The wire was supported from a steel 
knife-edge resting on a brass plate. Both the brass ball and 
the bob of the seconds-pendulum of the standard clock were 
fitted with fine pieces of platinum wire, either of which dipped 
into a small cup of mercury when the pendulum to which it 
was attached was vertical. The mercury-cups &c. were then 
joined up with a battery and resistance-coils to a quick-run- 
ning Morse instrument, as seen in the figure, in which M is 


m e S R 


POOSCCSS OSS ov 
B 3 
TIU i 


ake 


the Morse instrument, B the battery, P the paper, S the 
seconds-pendulum, L the long pendulum, C, C the mercury- 
cups, R a resistance small compared with that of M plus that 
of the coil r, but large compared with that of M alone. The 
whole constituted what is known as a “ break-circuit chrono- 
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graph;" that is, a continuous ink mark was made on the paper 
run out by clockwork, broken by a very small gap each time 
the wire attached to the bob of the seconds-pendulum passed 
through the mercury. These breaks, then, in the ink line in- 
dicated seconds; if, however, both pendulums were simulta- 
neously in the vertical line, no break was made. Hence the 
absence of a break in the line at the end of any special second 
indicated coincidence of the two pendulums ; and in this way 
the times of a large number of coincidences could be automa- 
tically registered. 

During this set of experiments we could not measure the 
length of the long fine steel wire with as much accuracy as 
was desired, since, although we had two or three brass scales, 
the makers had omitted to record on them at what tempera- 
tures they were correct. However, assuming that one of them 
was accurate at 0° C., then a rather large number of experi- 
ments gave, as the value of g, 978°8 centimetres per second as 
a first rough approximation. 

Subsequently we obtained from the Finance Department of 
Japan the loan of two very beautiful standard brass scales, by 
Deleuil of Paris, and guaranteed correct at 0? C. One was 
graduated in millimetres ; the other consisted of a brass rod 
with two pieces at its ends at right angles to the rod, and the 
distance between the two planes of the inner surfaces of the 
pieces was exactly a metre at 0? C. We now had, then, the 
means of making a far more complete series of experiments 
than before; but as our trial pendulum was nearly ten times 
as long as the seconds-pendulum of our clock, the method of 
coincidences was an inconvenient one; and so we merely 
adopted the following :—The long pendulum alone controlled 
the * break-circuit chronograph;" so that the number of breaks 
in the line during any time indicated the number of vibrations 
of the long pendulum in that time. At the commencement of 
the experiment, after the pendulum had been set swinging 
and the paper was running out at a fairly uniform speed, a 
mark was made on it by tapping sharply the armature up with 
the finger when a chronometer, lying beside the Morse instru- 
ment, indicated a certain time ; and after an hour or so, the 
paper being kept running all the time, a second mark was 
sharply made on the paper when the chronometer indicated a 
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certain other noted time. So much paper had then run out 
in the interval of time shown by the chronometer; and the 
breaks in the line, counted carefully afterwards by two inde- 
pendent students, gave the whole number of vibrations of the 
pendulum in that time. The fraction of a vibration could also, 
of course, be ascertained by comparing with the length of the 
lines in the neighbourhood the length of the first line made 
after the first break had been produced, on tapping the arma- 
ture, and repeating the same process at the end of the paper. 
The experiment is, of course, independent of the rate at which 
the paper runs out, provided, of course, it is never allowed to 
run so slowly that there is any difficulty in distinguishing the 
different breaks electrically made by the long vibrating pen- 
dulum. The mean temperature of the wire was carefully 
taken at each experiment. A sample of one or two of the 


many experiments recorded in the students’ laboratory note- 
book follows. 


Number of Experiment 26.—25th of January, 1878. 


Number of vibrations obtained from d 
10152 
on the paper . . . . . . 
Time taken—observed on the re Oh. 52m. Os, 
Mean temperature at the beginning . . . . 10°50. 
" 5 end ^. . . . . . 11*25 C. 
Time of vibration = 3°0744 seconds. 


Number of Experiment 45.—15th of February, 1878. 
Number of vibrations obtained from Md 
1385:5 
on the paper . 
Time taken—observed on the düronemetor . 1h. 11m. Os. 
Mean temperature at the beginning . . . . 9?25€C. 
» T » end . So ow uw2:25.0. 
Time of a vibration = 3: 07 45 sooondi, 


Number of Experiment 58.—21st of February, 1818. 
Number of vibrations obtained from ere 
1288:5 
onthe paper. . . . . . ] 
Time taken—observed on the shvonometer , lh. 6m. Os. 
Mean temperature at the beginning . . . . 8*5€C. 
» 39 » end e e e . 6 e 12°25 C. 
Time of a vibration = 3°0741 seconds. 
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Frequent sun-observations were made to check the rate of 
the chronometer, which is comparatively easy in Japan, as 
during the winter there the sun is seen almost daily from sun- 
rise to sunset. 

The next point was to measure accurately the length of the 
wire. As it was impossible to do this satisfactorily with the 
wire hanging up, it was taken down without disconnecting 
either the knife-edge carrying it or the ball at the other end. 
The knife-edge was then fixed at one end of a horizontal rail, 
and the other end of the wire close to the ball hung over a 
wheel with very little friction. By this arrangement the wire 
in a horizontal position was, of course, stretched as much as it 
was in the vertical position, as far as the effect of the weight 
of the ball was concerned. A correction had, however, to be 
made for the weight of the wire itself, which of course caused 
the tension to be a litile less at the bottom than at the top 
when the pendulum was hanging up vertically. A few cen- 
timetres of similar fine steel wire being weighed, a simple inte- 
gration gave the small additional weight necessary to be added. 
This being done, the final result obtained was that the length 
of the pendulum equalled 939:09 centimetres at 0? C.; and the 
‘consequent value of g in air for Tokio, Japan, calculated from 
the result of about eighty thousand vibrations of the long pen- 
dulum, would be 980:06 centimetres per second per second, 
if the pendulum could be regarded as a simple mathematical 
pendulum. 


Correcting Factors. 

1. The two most obvious corrections to apply to this result 
are the corrections for infinitely small ares and for the air- 
friction—neither of which were found of' any practical conse- 
quence, on account of the very small angle through which the 
pendulum usually swung, and that the decrement of the am- 
plitude of the vibrations was imperceptible even after many 
swings. Although, however, such a pendulum as we were 
using approaches very nearly a perfect simple pendulum, there 
are certain causes of possible error arising from its flexibility 
and slight elasticity which would not affect a rigid compound 
pendulum. To estimate the practical effect of these possible 
errors, it is necessary to solve generally the complete problem 
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of a heavy ball supported by an elastic wire, one end of which 
is soldered to the ball and the other end to a steel knife-edge. 
When a suspended ball is swinging in the arc of a circle, we 
know that near the end of a swing the attachments of the ball 
have to resist a tendency for the ball to turn. For since the 
ball has been turned in passing from its lowest to its highest 
position, it would continue to turn were it not stopped by the 
wire itself. At the end of every swing, then, there must be a 
slight kick ; so that in fact the ball will make minor swings 
about its point of attachment all the time of the motion. To 
make this kick less perceptible, we must make the fastening 
of the wire to the ball capable of resisting the tendency of the 
ball to continue its turning motion. If we do this by solder- 
ing the wire, a smaller kick will result, and will be due to the 
bending-moment of the wire resisting the turning action. If 
there were no difficulty of construction, it might be better to 
get rid of this kick difficulty by making the bob capable of 
rotating in the plane of swinging about an axis through its 
centre of gravity. 

The investigation of the general problem of the swinging of 
a heavy ball soldered to an elastic wire, the upper end of which 
is attached to a knife-edge, may take somewhat the following 
form:—Let A be a ball, of mass m and radius a, suspended 
from a free hinge at B by a chain of n—1 links, each of 
length a and hinged to one another, the last hinge being on 
the surface of the ball. Suppose at any hinge where two ad- 
jacent links make an angle @ with one another, equal and op- 
posite couples act in them of moment cÓ tending to bring them 
into the same straight line. As is made greater and greater, 
we approximate more and more nearly to our actual case of 
an elastic wire. Let n be very great, and $,, $9)... $n—1 
the inclinations of the 1st, 2nd, . . . (n — 1)th link to the vertical, 
the nth link being the radius of the ball up to the hinge, and 
its inclination $,. Ifnow we know the mass of the links per 
unit of length, it is easy to state the values of qr, Yaps.. 
Ys ee Yas the couples acting on each respective link: thus 


P= mga sin $, + c($,— 64-1), 


care being taken to remember that the form of ¥, is different 
from that of Y or of Wn. 
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If the inclination ¢ is everywhere very small, we find, if r, 
is the velocity of the end of link s, that 


vj =a? ($1)! + 294, cos ($,— $1) + (2s —3)(&'] » 
where d, means - 


So that the kinetic energy T of the whole system may at once 
be yas e in terms of the coordinates $,, $s,... &c., 


$1; d». 
We car can Dd find the partial differential coefficients 
dT aT dT dT 
,& d . &c., 
dg; dé; 7C apy dés 


so as to use Lagrange's equation 


d =") dT | 
ag) a7 

In this way we have obtained the n differential equations 
connecting Pı, ¢3,...,, and their first and second differential 
coefficients with respect to t. As, however, these equations 
can only be regarded as true when 7 is infinite, and as the 
labour of solution is very great when n is great, it seems use- 
less proceeding further with the solution. 

If we regard the motion of the ball as a harmonic motion 
of period P, determined by assuming the connexions as rigid, 
combined with motions of much shorter periods P, Pg, P,,... 
&c., there will be some little difficulty in finding the motion 
of shortest period P,, namely the kick above mentioned; but 
we know that when the wire is, as in our experiments, very 
thin, the kick cannot be much less than the time of a complete 
vibration of the ball when freely suspended by a point on its 
surface, or 


where a is the radius of the ball. But this periodic time is 
0:528 seconds, or about one twelfth of that of the pendulum 
moving as a whole, which is about 6 seconds. 

Since the tendency of the ball to add this quick vibration to 
its motion is due to its rotational energy, it may be diminished 
by lessening the moment of inertia of the ball (that is, by 
making the ball small), or by diminishing the angular velocity 
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of the pendulum (that is, by making the pendulum as long 
and its swing as small as possible). We may regard, then, the 
motion of the ball as compounded of a pure harmonic motion 
with an amplitude of about 30 centimetres and a periodic time 
of 6 seconds, with another motion having a very small ampli- 
tude and with a period of about half a second. But we have 
proved in the paper on our seismograph", that in such a case 
the compound motion would differ very slightly from that of 
a pure harmonic motion, even if there were no internal fric- 
tion in the substance of the wire (supposing the pendulum 
started without shock); but as internal friction, of course, 
exists in the wire, this error becomes exceedingly small. 

2. Next, with regard to the stretching of the wire arising 
from variations in the centrifugal force of the ball while 
swinging. Since the time of a complete vibration of our pen- 
dulum was nearly 6 seconds and the arc about 30 centimetres, 
the velocity at the middle of its path was 


30 x 7, or 15:7 centimetres per second ; 


hence the pull on the wire, which at the end of the swing was 
equal to the weight of the wire, or 2352°2 grammes, was in- 
creased by 


2352:2 x (15:7)? 
939 x 9791 


at the middle of the swing. But this is less than a gramme, 
80 that no practical extension of the wire arose from centri- 
fugal force. 

3. Shortening of the length of the wire, due to its curvature, 
arising from the resistance of the air making it concave in the 
direction of motion. It is easy to see that the shortening of 
the pendulum due to this cause is excessively small, and is of 
the same order as the lengthening arising from the centrifugal 
force; so that these two very small errors may be regarded as 
balancing one another. 

Also, since it may be calculated that the period of transverse 
vibration of the wire is less than one fortieth of the periodic 


grammes 


* “On a Neglected Principle that may be employed in Earthquake 
Measurements,” Trans. Asiatic Soc. of Japan, vol. v. part 1, p. 181; re- 
printed in Phil. Mag. July 1879. 


274 MESSRS. AYRTON AND PERRY ON THE DETERMINATION 


time of the pendulum, the resistance of the air cannot tend to 
cause amplification of the lateral vibrations in the wire itself. 


We may therefore assume that our pendulum vibrated like 

a rigid body, consisting of a ball of brass, a straight steel wire, 

and a triangular steel prism of which the edge was the fixed 
` axis. | 
Calculation of g. 

The complete formula is, of course, 

Z(mr ): 
lmg’ 


t=r 


l being the distance from the axis of rotation to the centre of 
gravity of the pendulum. 

The steel knife-edge had a length of about 4 centimetres, a 
breadth of about 1 centimetre, and a depth of 4 a centimetre; 
hence its weight was about 18 grammes, its moment of inertia 
about the axis of rotation 0:98 (gramme, centimetre), and the 
distance of its centre of gravity from the axis of rotation 0:33 
centimetre. The weight of the wire was 11:6 grammes, and 
its length 934:99 centimetres at 0° C. Its moment of inertia 
was therefore 3:3803 x 10° (gramme, centimetre), and the dis- 
tance of its centre of gravity from the axis of rotation 461-49 
centimetres. The weight of the brass ball was 2352-2 grammes, 
its moment of inertia about the axis of rotation 2:0744 x 10°, 
and the distance of its centre of gravity 939:09 centimetres at 
0? C. Of the whole system, then, the weight was 2371-6 
grammes, the moment of inertia about the axis of rotation 
2:0718 x 10° (gramme, centimetre), and the distance of its 
centre of gravity 2:22144 x 105. Consequently 


;-(t FEL 2:0778 x 10° 


2:2144 x 10* 
and 
t =3°0748 seconds ; 
or 
g=979°58 centimetres per second per second in air, 
or 


=979-74 centimetres per second per second in vacuo 


Jor the Imperial College of Engineering, Japan— 
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a result agreeing extremely closely with the number 979-7 
obtained above from Clairault’s formula. 

In beginning this series of observations we expected to find 
g to be greater than what Clairault’s formula gives it. Our 
reason was this:—Clairault’s formula assumes a circular 
equator; Capt. Clarke has found that the equator is ellip- 
tical, one extremity of its major axis being in 15° 34’ E. 
longitude ; and therefore Tokio is in longitude nearer a minor 
axis than a major one. We find, however, a reason why g 
satisfies so well Clairault's formula, in spite of this excentricity 
of the equator. The greatest depression of the earth's surface 
is only a few hundred miles to the east of Japan; and probably 
the diminution in g produced by this cause just counter- 
balances the increase of g produced by ellipticity of the 
equator. As for local perturbations, it is to be remarked that 
Tokio is situated on a very large plane, there being no hills 
of any magnitude within eighty miles. "We think that the 
geodesy of Japan is of special interest on account of the great 
Pacific depression, and on account of the very gradual slope 
of the earth's surface from Japan to China, which causes Japan 
to be a sort of ridge. 


- Probably the best method of determining the value of g 
would be to use a rigid homogeneous pendulum, of such a 
shape that its moment of inertia could be easily calculated with 
accuracy from its linear dimensions measured at any tempe- 
rature—for example, a sphere at the end of a cylindrical rod 
with a knife-edge, all cast in one piece and turned true in the 
lathe, or a cylindrical bob cast at the end of the cylindrical 
rod. The only possible objection to this method would be the 
possible want of homogeneity in the metal. This might be 
allowed for in the following way :—Instead of casting the cy- 
lindrical bob in one piece, make it consist of a number of con- 
centric tightly fitting cylindrical shells accurately turned. 
Experiments would then be made first with the cylinders all in 
one position, then with some of them twisted slightly round, 
and so on until in the mean result the errors of eccentricity 
of mass would probably be eliminated. 

Another, and perhaps the best of all methods, would be for. 
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rigid compound pendulums to be accurately timed experimen- 
tally at Greenwich at a number of different temperatures, and 
sold with a scale of temperature-corrections for the time of 
vibration attached. 

One set of experiments, then, with one of these pendulums 
anywhere would at once give the value of g; and such a pen- 
dulum would undoubtedly be the most suitable for surveys 
and expeditions in foreign countries. The fact is, the mathe- 
matical beauty of the principle involved in the Kater’s pendu- 
lum has, in our opinion, caused far too much importance to 
be attached to it as a practical instrument for determining 
experimentally the value of the acceleration of gravity. 

We have to thank several of our late students, and especi- 
ally Messrs. Honda, Kikkawa, A. Kasai, J. Nakahara, and 
H. Nobechi for assistance rendered us during this investi- 
gation, And it may here be mentioned that this investigation, 
like the many others we have been enabled to carry out during 
the last few years, has resulted from the plan we have followed 
of teaching the laboratory students not, as is customary in 
Colleges, to repeat well-known experiments, but to endeavour 
in their investigations to advance, in some small degree at any 
rate, the bounds of existing knowledge. And this system of 
enlisting the assistance of even quite young students in ori- 
ginal research we have found to create an enthusiasm in ex- 
perimental work otherwise unproducible. 


XXXI. On Induction in Telephonic Circuits. By W. Grant*. 


THE apparatus used in the following experiments was such 
as was ready to hand in the laboratory. The particulars 
given are intended merely to show the conditions under 
which the results described were obtained; there is no 
reason to suppose that moderate, or perhaps even considerable 
alterations in the dimensions of the apparatus would have 
caused the results to be essentially different. 

One of the appliances used is a coil which consists of two 
similar No. 20 copper wires of equal length wound side by 
side throughout, forming a coil of 2°3 centimetres internal, 


* Read January 24th, 1880, 
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and 12:7 centimetres external diameter, and about 12:5 centi- 
metres in length. The resistance of the two wires connected 
end to end is 28 ohms. This is afterwards referred to as the 
double helix. 

Two other coils, afterwards spoken of as “ flat ” coils, con- 
sist of approximately equal lengths of No. 19 copper wire, 
wound in rectangular grooves in two flat wooden reels. The 
inside and outside diameters of these coils are about 10 centi- 
metres and 15 centimetres respectively. The resistance of 
each is roughly 1 ohm. 

Two rough coils of copper wire, in the state in which they 
came from the manufacturer, were also employed in the first 
experiment described ; but as they are not afterwards referred 
to, their dimensions need not be given. 

If four separate circuits are so arranged that the primary 
one includes a battery, a microphone which is actuated by a 
watch, a telephone, and one of the wires of the double helix— 
the secondary includes the other wire of the double helix, a 
telephone, and a rough coil—the tertiary includes another 
rough coil in proximity to that in the secondary circuit, a 
telephone, and a flat coil—the quaternary includes another 
flat coil in proximity to that in the tertiary circuit, and also a 
telephone,—a current of a different order circulates in each of 
the separate circuits, and the following effects are observed. 

The loudness of the sounds in the telephones in the primary 
and secondary circuits is as nearly as possible the same, in 
fact no difference can be detected between them ; but in the 
tertiary and quaternary circuits the sounds are not so loud, 
partly no doubt because the mutual induction between the 
secondary and tertiary circuits, and between the tertiary and 
quaternary, was less than that between the primary and 
secondary, seeing that the coils by whose mutual induction 
the effects were transferred from the secondary to the tertiary 
circuit, and from the tertiary to the quaternary, were wound 
separately, and consisted of a smaller length of wire than the 
two which were wound side by side to form the double helix 
used to transfer the induction from the primary to the secondary 
circuit. 

The pitch of the sound, however, is found to be the same 
in all the four circuits. Now, if the rate of the pulsations of 
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induced currents is greater as the order of the current is 
higher, and if the telephone is capable of vibrating in unison 
with these pulsations, it follows that the pitch of the sound 
- should be higher in some of the telephones than it is in others. 
But as the pitch of the sound is the same in all, either the 
telephones do not vibrate in unison with the rapid pulsations 
of the currents of high order, or the sameness of pitch must 
be due to some other cause. 

The arrangement of apparatus in the next experiment is 
shown in fig. 1. 


Fig. 1. 


There are three separate circuits. The primary includes a 
battery B, a telephone T, a flat coil C, and a microphone M ; 
the secondary includes a flat coil C’, a telephone T', and one of 
the wires of the double helix H ; the tertiary includes the 
other wire of the double helix and a contact-key K. Lisa 
condenser. 

The coils C and C' are placed with their faces in contact 
and their axes coincident; and the microphone is actuated by 
a watch. 

When a battery-current circulates in the primary circuit 
under these circumstances, currents are induced in the 
secondary and tertiary circuits, and it is observed, when the 
ear is applied to the telephone in the secondary circuit, that 
the loudness of the sound is increased when the key is depressed 
and the tertiary circuit is closed, and that it again becomes 
weak when the key is raised and the tertiary circuit is opened. 
The increase in the loudness is most readily observed when 
the sound is rather faint when the tertiary circuit is open ; for 
if the sound is already loud the increase is not so marked. 

The increased loudness seems to be due to an increase in 
the strength of the secondary current, caused by the reaction 
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upon it of the currents induced in the tertiary circuit when 
the key is depressed. When the tertiary circuit is open, the 
self-induction of the secondary circuit opposes the variations 
of the secondary current; but when the tertiary circuit is 
closed, the mutual induction between it and the secondary 
circuit neutralizes to a great extent the effect of the self-in- 
duction of the secondary current, the strength of which is in- 
creased or augmented by the inverse currents in the secondary 
circuit, due to the reaction of the tertiary current upon it. 

If the condenser L, fig. 1, is connected to the tertiary cir- 
cuit by joining the wires at a a’, and b b’, it will be brought 
into action when the key is raised, and short-circuited when 
the key is depressed. If its capacity is three quarters or half 
a microfarad, the sound in the telephone T retains its normal 
pitch when the key is depressed ; but when the key is raised 
and the condenser is brought into action the pitch of the 
sound rises ; and the rise is greater with half than with three 
quarters of a microfarad. With a capacity of from about one 
to five microfarads, the sound retains its normal pitch. 

The arrangement for the following experiment will be in- 
telligible from fig. 2. 


The primary circuit is the same as that in fig. 1, where B, 
T, C, and M, represent the battery, telephone, coil, and micro- 
phone respectively. The secondary circuit includes the coil 
C’, the telephone T’, the double helix H, and a commutator 
A, by means of which the direction of the current can be re- 
versed in one of the wires of the helix. K isa key which, 
when it is depressed, short-circuits the double helix ; R is a 
^ box of resistance-coils. 
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If the commutator is so placed as to cause the current to 
pass through both wires of the double helix in the same 
direction, the self-induction is strong, the current is weakened 
by it, and the sound in the telephone T’ is weak in conse- 
quence. If the current passes in opposite directions through 
the two wires of the helix (or returns on itself as in a 
resistance-coil) the self-induction is eliminated, and the 
current, having only to overcome the resistance of the circuit, 
is stronger than before, and the sound in the telephone T’ is 
considerably louder in consequence. 

If the self-induction has been eliminated and the sound is 
already loud, no further increase in-the loudness is observed 
when the key is depressed and the double helix is short-cir- 
cuited. If the self-induction has not been eliminated, and the 
sound is weak, it becomes loud when the key is depressed 
and the double helix is short-circuited, and it requires 3000 
ohms to be introduced at R in order that the loudness may be 
the same whether the current passes through the resistance- 
coils and key or through the double helix. With a larger 
pair of coils substituted for the flat coils C and C', it requires 
5000 ohms to be introduced at R in order to produce a 
similar result. As the resistance of the double helix is only 
28 ohms, these results show, on the one hand, the deleterious 
effects which are produced by the self-induction of even a 
small coil, and, on the other, the importance of eliminating in- 
duction in conducting-circuits. 

In the following experiments speech was transmitted by 
Bell's telephone, and two observers were employed, one at 
either end of the line. 

The coils, keys, &c. were placed at one end of the line, and 
were under the control of one observer, whose chief duty was 
to read a paragraph of a newspaper in a monotone the loudness 
of which was kept as nearly as possible constant, so that the 
inflections of the voice might not be mistaken by the observer 
at the other end of the line for an increase or diminution in 
the loudness of the tone resulting from the manipulation of 
the apparatus while the reading was progressing. 

When a single circuit was employed which included one 
wire of the double helix, the loudness of the sound increased 
when the other wire of the helix was joined up as a separate 
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circuit—a result similar to that obtained (as already men- 
tioned) by joining up the tertiary circuit fig. 1. 

When two separate circuits were employed, each of which 
included one of the wires of the double helix, the helix acted 
asa “relay,” and messages were transferred or translated 
from one circuit to the other with perfect facility from either 
end of the line, and conversation was carried on with the same 
distinctness as when a single circuit only was employed. 

A single circuit was arranged as shown in fig. 3. 

Fig. 3. 


T and T' are the telephones, H is the double helix. The 
helix was joined up as shown in the figure, one end of each 
of its wires, a and b, being left unconnected and insulated. 
Thus arranged, there was a break in the continuity of the 
circuit, but nevertheless speech was transmitted with perfect 
distinctness, and conversation carried on with the same facility 
as in the previous experiments, the helix acting not as a con- 
ductor, but as a condenser, its two wires replacing the two 
sets of plates ; and it made no difference which of the ends 
of the wires of the helix were connected to the line-wires, or 
whether the currents entered the wires of the helix in the 
same or in opposite directions. 

The helix in the last case having been replaced by a con- 
denser, the other arrangements remaining unaltered, speech 
was again transmitted with as much facility and dearness as 
if the circuit had been complete—the capacity of the con- 
denser, which was one microfarad, being amply sufficient to 
allow conversation to be carried on. 
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PROCEEDINGS 


AT THE 


MEETINGS OF THE PHYSICAL SOCIETY 


OF LONDON. 


SESSION 1878-79. 


February 2nd, 1878. 


Prof. W. G. Apams, F.R.S., President, in the Chair. 


The following were elected Members of the Society :— 
M. T. Cormack, M.A.; C. J. Fautener, M.A.; C.W. Joxzs, F.R.AS.; 
C. Leupgesporr, M.A.; C. E. WALDUCK. 


Prof. S. P. TRoMrsoN exhibited an experiment illustrating Am- 
pére's law of parallel voltaic currents. 


February 16th, 1878. 
Prof. W. G. Apams, F.R.S., President, in the Chair. 


The following was elected a Member of the Society :— 
G. Hersert West, M.A. 


The following papers were read :— 


‘s On Grove's Gas-Battery." H. F. Monrzr, B.A. 

** On the Harmonograph." S. C. Trszey. 

* On a modified form of Lippmann's Capillary Electrometer, and 
its employment for the detection of the Currents in Bells Tele- 
phone. F. Pace, B.Sc. 

Exhibition of a Lantern-Galvanometer. Prof. S. P. THompson. 


b 
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March 2nd, 1878. 
Prof. W. G. Apaus, F.R.S., President, in the Chair. 


The following were elected Members of the Society :— 
J. Parke Krexuax; Dr. W. J. Russett, F.R.S. 


The following papers were read :— 

“On the Coloured Figures caused by the Vibrations of Thin 
Films." SepLeyY Taytor, M.A. 

* On Mr. Edison’s Phonograph.” W.A. PREECE. 


March 16th, 1878. 
Special General Meeting. 
Prof. W. G. Apaus, F.R.S., President, in the Chair. 


The President of the Physical Society of Paris was elected an 
ex officio Member of the Society. 


Ordinary Meeting. 


The following were elected Members of the Society :— 


J. S. Bercueru,C.E.; W. M. Hicks, M.A. ; Dr. J. Horxrnson, C.E.; 
Miss Epira Prance; T. Wis. 


The following papers were read :— 

* On the Transmission of Vocal and other Sounds through Me- 
tallic Wires.” W. J. MILLAR. 

* On Thermoelectric Currents in Strained Wires.” G. W. vos 
TUNZELMANN. 

* On the Composition of Rectangular Vibrations.” Prof. W. G. 
Anas, F.R.S. 

“On the Passage through Colloids of the Products of Electro- 
lysis." F. Gurur, F.R.S. 


March 30th, 1878. 
Prof. W. G. Apams, F.R.S., President, in the Chair. 
The following were elected Members of the Society :— 


SHELFORD BrpwrerLL, M.A., LL.B.; Wriittam Grant; EDMUND 
GURNEY ; JAMES IIESELIINE SMITH. 


PROCEEDINGS OF THE PHYSICAL SOCIETY. 3 


The following papers were read :— 


* On Byrne's Pneumatic Battery." W. H. Preece. 
“On an Arrangement for obtaining Uniform Rotation." Lorp 
Ravrrron, F.R.S. | 


April 13th, 1378. 
Prof. R. B. Currtron, F.R.S., Vice-President, in the Chair. 


The following were elected Members of the Society :— 


Rev. T. Nzvinzg Hutcurnson, M.A. ; Dr. B. W. Ricganpsos, F.R.S.; 
WiLLIAM CAMPBELL; R. W. F. Harrison. 


The following papers were read :— 

* On the Transmission of Vocal Sounds through Metallic Wires." 
Messrs. Nixon and HEAVISIDE. 

** On the Photographs of the Less-refrangible end of the Spectrum 
obtained by means of Diffraction-gratings." Capt. Asyey, C.E., 
F.R.S. 

** On the Influence of Heat on the Transpiration of Gases.” Prof. 
Frank GuTHRIE. 

Exhibition of Models of Crystals. Mr. BavERMANN. 


May 11th,-1878. 
Prof. W. G. Apams, F.R.8., President, in the Chair. 
The following was elected a Member of the Society :— 
Pmr Maenvs, B.A., B.Sc. 
The following papers were read :— 


* On Recent Advances in the Chemistry of the Sun." J. Norman 
Locxvzs, F.R.S. 

* On the effect of Stress on the Magnetization of Iron, Nickel, 
and Cobalt." Sir WrLLIAM Tromson, F.R.S. 


May 25th, 1878. 
Prof. W. G. Apams, F.R.S., President, in the Chair. 
The following were elected Members of the Society :— 


Wittiam RosEeRT Puerirs; Greorer Marruus WmumiPPLr, B.Sc., 
F.R.A.8.; Tuomas McEntry ; W. Kisser. 
b2 
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The following papers were read :— 


* On Brass Wind Instruments as Resonators.” J. N. BLAIKLEY. 

‘On the effect of Torsion on the Electrical Conductivity of 
Brass." Sir Winr1aM Tomson, F.R.S. 

Exhibition of Photograph of Solar Spectrum taken by means of 
a Diffraction-grating. Dr. RUTHERFORD. 


June 8th, 1878. 
Prof. W. G. Apaus, F.R.S., President, in the Chair. 


The following was elected a Member of the Society :— 
Ricnanp H. Sorry, F.G.S. 


The following papers were read :— 

* On the Microphone.” Prof. Huemes. 

* On the Reflection of Light from the surface of Potassium Per- 
manganate.” Sir Joun Conroy, Bart., M.A. 

* Electrical Properties of Bees'-wax and Lead-Chloride.” Prof. 
W. E. AYRTON. 

Exhibition of an inexpensive form of Optical Bench. Prof. S. P. 
THOMPSON. 


June 22nd, 1878. 
Prof. W. G. Apams, F.R.S., President, in the Chair. 


The following was elected a Member of the Society :— 
F. W. Grierson. 


The following papers were read :— 


* On a new Polariscope.” The PRESIDENT. 

* On Starch and Unannealed Glass under the Polariscope.” 
Warrer Barry, M.A. 

* On the Flow of Water from Orifices at different Tempeniturei, 
Prof. W. C. Unwin, 

“ On Complementary Colours.” Dr. Gornam. 

“On Magnetic Figures illustrating Electrodynamic Relations.” 
Prof. S. P. THospson. 

* On the Coordination of Space." C. H. HINTON. 
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November 9th, 1878. 
Prof. W. G. Avams, F.R.S., President, in the Chair. 


The following was elected a Member of the Society :— 
Sir FREDERICK ELLIOT. 


The following papers were read :— 

* On the Interference of Diffused Rays of Light by Thick Plates." 
The PRESIDENT. 

“On Mr. Edison's Tasimeter and Carbon Telephone.” Prof. 
W. F. Bannzrr. 

Exhibition of some Electric Lamps without Clockwork. WILLIAM 
Lapp. 


November 23rd, 1878. 
Prof. W. G. Apams, F.R.S., President, in the Chair. 


The following was clected a Member of the Society :— 
The Rev. P. R. Steeman, F.R.A.S. 


The following papers were rcad.:— 

** On the Music of Colour and Visible Motion.” Profs. AYRTON 
and PERRY. 

* On the Adjustment of a Collimator for Rays of different Re- 
frangibilities.” Dr. A. SCHUSTER. 


December 14th, 1878. 


Prof. W. G. Apams, F.R.S., President, and afterwards Prof. 
G. C. Foster, F.R.S., Vice-President, in the Chair. 


The following were elected Members of the Society :— 
WILLIAM GLEED, B.A.; James Gorpon McGreeor, M.A., D.Sc. 


The following papers were read :— 


* On a Condenser of Variable Capacity." C. V. Boys. 

“On a Differentia] Water-vapour Thermometer." Dr. O. J. 
Lope. 

* On the Surface-tension of Liquid Sulphurous Anhydride.” 
J. W. CLARK. 
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January 25th, 1879. 
Prof. G. C. Foster, Vice-President, in the Chair. 


The following were elected Members of the Society :— 
ALEXANDER MACDONELL, B.A.; E. Ray Lanxestes, F.R.S. 


The following papers were read :— 


* On a Constant Bichromate-of-Potash Battery." D. Encx. 
* On the Vibration of Metallic Rods." F. GUTHRIE. 
Exhibition of Commutators and Resistance-boxes by W. KirsER. 


Annual General Meeting. 
February 8th, 1879. 
Prof. W. G. Apams, F.R.S., President, in the Chair. 


The following Report of the Council was read by the President :— 


The position and prospects of the Society continue to give the 
Council unmixed satisfaction, and its uscfulness is steadily increasing. 

The number of Members has risen from 232 at the date of the 
last Annual Meeting to 270 at the present time, and of the 38 new 
Members 16 have compounded. The value and interest of the papers, 
which have been more numerous than in any previous year, have 
been well sustained. 

The Council regret that the Society has lost by death a Member, 
Capt. R. G. Scott. 

Captain R. G. Scorr, R.E., son of the Rev. Dr. Scott, of the 
Methodist College, Belfast, was educated principally in Ireland. He 
obtained his Commission in the Royal Engineers on the 25th of 
January, 1862. During service in the Mauritius he suffered severely 
from fever, one attack nearly proving fatal. He returned to Eng- 
land with a constitution seriously impaired; but this, however, did 
not prevent his studying Electricity with great ardour. His capa- 
city for work and talent for organization enabled him to render 
important public service in connexion with experiments at Ports- 
mouth on the use of large charges of gun-cotton in submarine mines; 
and his zeal and ability being recognized by his official superiors, he 
was appointed an Assistant Instructor in Telegraphy at the School 
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of Military Enginecring at Chatham, where his skill in Mathe- 
matics in its applications to Electricity was of much value. He 
died, March 16th, 1878, at the age of 35, too young to have made 
his name widely known; but his geniality, wit, and musical talent 
will be long remembered in his own circle of friends. 

In accordance with the intimation contained in last year's Report, 
an opportunity was afforded to each of the Members of expressing 
an opinion as to the desirability of changing the time of meeting. 
Replies were received to the circular issued by the Council from 
186 out of the 232 Members ; and although the change was strongly 
urged by some, the Council did not consider that sufficient support 
was given to the proposal to justify them in altering the present 
arrangement. 

The Library continues to progress satisfactorily. The following 
periodical works are regularly received, and are available for 
the use of Members:—the *Journal de Physique, Wiedemann's 
* Annalen,' and the * Beiblatter.’ It has also been decided to pur- 
chase a complete set of ‘Carl’s Repertorium, which will form a 
valuable addition to our collection. During the past year several 
foreign and other publications have been received, and the thanks of 
the Society have been given to the respective Donors. Among 
these the following may be mentioned :—A volume of the ‘ Annuaire 
du Bureau des Longitudes,’ presented by our distinguished Honorary 
Member M. J. Janssen, which contains a review, written by himself, 
“ On recent progress in Solar Physics ;” Bibliographie Analytique &c., 
J. Plateau; Saunier's Horology, E. Rigg; University of Melbourne, 
Calendar and Exam. papers; Journ. Soc. Telegraph Engineers; 
Meteorology of Bombay Presidency, from the India Office; Connecticut 
Academy Transactions; Fourier's Theory of Heat (Freeman), Pitt 
Press ; numerous papers from the Royal Society of New South Wales. 

The Council have availed themselves of the power conferred on 
them by the amended Bye-Laws to recommend, as an ex-officio 
Member of the Society, the President of the Physical Society of 
Paris, and they are gratified at being able to congratulate the 
Members on the connexion which has been thus established with 
this distinguished Foreign Body. The Members of the Society will 
bo gratified to hear of the satisfaction with which the announcement 
was received by the Membors of the Physical Society of Paris. 
The President of the French Physical Society writes:—* Cette 
nouvelle a été accueillie avec la plus vive satisfaction, ct l'assem- 
blée a immédiatement voté à l'unanimité que le President de la 
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Société de Physique de Londres serait inscrit à perpétuité parmi 
les Membres de la Société Francaise de Physique. Nous éspérons 
que les liens qui vont unir les deux Sociétés se fortifieront de jour 
en jour, e£ nous sommes personellement heureux d'étre chargés 
par nos confrères de vous adresser à vous et aux Physiciens de 
Londres les premières paroles de bonne confraternité.” 

The Council feel that no observations are necessary from them 
as to the illustrious Physicists whose names are submitted to you 
to day for election as Honorary Members, as it will be evident that 
their union with the Society cannot fail to add to its dignity. 

The Society's Reprint of Sir Charles Wheatstone’s published 
scientific papers is nearly complete. All the papers of which the 
existence is known to the Editors are in typo, and, with the excep- 
tion of the last two sheets, have been corrected and returned for 
press. The collected papers will form a volume of about 370 pages, 
which the Council confidently hope to place in the hands of Members 
in a few weeks. 

The question of reprinting important Physical papers, to which 
allusion was made in last year's Report, has not been lost sight of ; 
but owing to the expenses incurred for registration and for the re- 
print of Sir C. Wheatstone’s papers, it has been found necessary to 
defer active steps until the current year. 

The Council again regret that so few of the Members communi- 
cate papers to the Society: during the past year, however, the pro- 
portion of authors to papers read has been greater than in the 
previous year, and in the future it may perhaps be found useful for 
the Society to indicate definite subjects for research. In this con- 
nexion the Council would point to the words of Dr. Spratt, who, 
writing soon after the foundation of the Royal Society, which in 
organization our own so much resembles, observes, ** That though the 
Society is not yet four years' old, and has been of necessity hitherto 
chiefly taken up about preparatory affairs, yet even in this time 
... . they have had successes in the trial of many remarkable 
things ;" and he suggests “ that by laying down on what course of 
discovery they intend to proceed, the gentlemen of the Society may 
be more solemnly engaged to prosecute the same, as they will not 
be able handsomely to draw back and to forsake such honourable 
intentions." 

Our grateful thanks are due to the Lords of the Committee of 
Council on Education for their continued permission to hold our 
Meetings in the Science Schools, South Kensington. 
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At the time of our Annual Meeting last year we were only just 
beginning to recover from the excitement which was created by the 
invention of the Telephone, an instrument which, quite apart from 
the uses to which it may be applied, is of great interest to scientific 
men, and would have delighted Faraday, since it gives, by means of 
magneto-clectricity, a very complete illustration of the laws of con- 
servation, transformation, and dissipation of energy. 

The year had scarcely began when we were startled at the 
fertility of resource of a far-famed inventor, who sends to us a scroll 
on which the very tones of his voice are engraved, and which may 
yet be heard over and over again and handed down to future ages. 

The invention of the Phonograph gave rise to investigations on 
the Analysis of Vowel-Sounds and Resonance-Cavities by Prof. 
Fleeming Jenkin and others, which bear out the conclusions drawn 
by Prof. Willis and by Wheatstone from their experiments, that each 
vowel-quality is given by a particular resonator, and that the 
pitch of maximum resonance of the resonator is an important 
element in determining the vowel character of the sounds produced. 
They also support the view of Prof. Donders, that there is a pitch 
of maximum resonance in human mouth-cavities for the vowel 6, 
but give no such characteristic tone for the vowel 4. And they 
confirm the statement of Helmholtz that vowel-sounds are made up 
of harmonic partial tones. 

The subject of the quality of sounds and resonance has been illus- 
trated before the Society by Mr. Blaikley, who gave us an in- 
teresting paper, **On Brass Wind Instruments as Resonators.” 

The discovery of the Telephone led people to think of ordinary 
mechanical methods of transmitting vibrations, which were investi- 
gated by Wheatstone forty or fifty years ago, and two interesting 
papers on the transmission of Vocal and other Sounds through 
Metallic Wires, by Mr. Millar and by Messrs. Nixon and Heaviside, 
have been read before the Society. 

In the Telephone, the voice reproduced at the receiving end must, 
from the dissipation of energy, be fainter than the human voice, which 
is the motive power of the apparatus. In the Microphone of Prof. 
Hughes, and in the Carbon Telephone of Mr. Edison, a transmitter 
of pieces of carbon or other substances in contact is employed to mo- 
dulate the intensity of a battery current; and the tread of a fly, or 
the scratching of a single hair, or even the diffusion of a gas through 
& porous substance, may give rise to vibrations which act as a 
battery key to regulate and modify the flow of the current, so as to 
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cause it to reproduce the same vibrations in the telephone plate, 
which is used as a receiving instrument. 

In his Tasimeter, Mr. Edison has shown that the same combina- 
tion of pieces of carbon may be employed to measure slight altera- 
tions of pressure, and so to measure slight changes of temperature 
by the expansion of a strip of ebonite or other substance, which 
presses on the carbon disks and alters the resistance of the electric 
circuit. 

Prof. Hughes has shown that a Microphone may be used as a 
relay in an extended Telephone circuit, and also that messages may 
pass opposite ways through the Microphone without interfering with 
one another. It has also been shown that this instrument may be 
of service in surgical operations, and that it may possibly be of 
service in enabling the deaf to hear. 

In connexion with this subject, as well as with the ordinary 
methods of transmitting sound-vibrations, I may quote the words 
of Hooke, who was Physical Demonstrator to the Royal Society 
rather more than 200 years ago. 

Hooke, in the Preface to his ‘ Micrographia,’ published in 1665, 
says :—“ As glasses have highly improved our seeing, so, t'is not 
improbable, but that there may be found mechanical inventions to 
improve our other senses of hearing, smelling, tasting, touching. T'is 
not impossible to hear a whisper a furlong's distance, it having been 
already done; and perhaps the nature of the thing would not make 
it more impossible though the furlong should be ten times multi- 
plyd. And though some famous authors have affirmed it impossible 
to hear through the thinnest plate of Muscovy glass; yet I know a 
way by which t’is easie enough to hear one speak through a wall a 
yard thick. It has not yet been thoroughly examined how far 
Otocousticons may be improved, nor what other wayes there may 
be of quickening our hearing, or conveying sound through other 
bodies then the air; for that that is not the only medium I can 
assure the reader that I have by the help of a distended wire pro- 
pagated the sound to a very considerable distance in an instant, or 
with as seemingly quick a motion as that of light, at least incompa- 
rably swifter then that, which at tho same time was propagated 
through the air: and this not only in a straight line, or direct, but 
in one bended in many angles." 

These remarkable inventions, which one after another have created 
so much excitement, and which have even sent a thrill through the 
most learned of Societies, have bcen well illustrated at our Meetings. 
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At the same time the list of papers read before the Society shows 
that we have had important communications on all branches of 
Physics. In Electrical science we have had suggestive papers from 
Sir William Thomson on the relation between Stress and Magnetiza- 
tion, and again, on the relation between Stress and Electrical Con- 
ductivity; by Mr. Tunzelmann on Straining of Wires and Thermo- 
electric currents; and from Prof. Ayrton on Specific Inductive 
Capacity. Among our communications on the Interference and 
Polarization of Light, we have had a very carefully worked out 
paper by Mr. Walter Baily, '* On Starch and Unannealed Glass 
under the Polariscope.” Bearing on that branch of science with 
which the name of M. Plateau is associated, in which we make 
some attempt to approach the workings of molecules, we have had a 
paper from Prof. Unwin, and a paper on the Surface-tension of 
Liquids from Mr. Clark; and we shall none of us be in danger of 
forgetting the beauty of the coloured figures caused by the vibra- 
tions of Mr. Sedley Taylor's soap-films. 

There is also an appropriateness in connecting the name of M. 
Kirchhoff with our Society, for, as regards Spectrum Analysis, we 
have been highly favoured: we have had a paper by Mr. Lockyer, ** On 
Recent Advances in the Chemistry of the Sun,” and have seen a new 
and wide field of research opened out by Captain Abney’s success 
in photographing the less-refrangible end of the spectrum. We 
have also had the honour of welcoming amongst us Mr. Rutherford 
from America, who exhibited to the Society the remarkable photo- 
graph of the solar spectrum which he has taken, and to whom we 
are indebted for the production of the most perfect diffraction- 
gratings which the world has ever seen. 

We thus see, from a hasty glance at the papers which have come 
before us during the past year, that somcthing has been gathered 
from each of the many branches into which Physics is divided. 

There is still one subject, which is by no means new, but to which 
I should draw your attention in reviewing what has been done during 
the past year. Through the kindness of Dr. Siemens, Mr. Latimer 
Clark, Prof. Tyndall, and Mr. Spottiswoode, I am able to-day to 
show you the results of various applications of the electric current 
for the production of light. A communication on this subject will 
be made to the Society by Mr. Shoolbred after the conclusion of the 
business of the Annual Gencral Meeting. 
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The Society then proceeded to the election of Council and Officers 
for the ensuing year, and the following gentlemen were declared 
duly elected :— 


President. —Prof. W. G. Apams, M.A., F.R.S. 


Vice-President (who has filled the Office of President).— Prof. G. C. 
Fosrzz, F.R.S. 


Vice-Presidents.—Prof. R. B. CLirros, M.A., F.R.S.; Lord Rar- 
LEIGH, M.A, F.R.S.; W. Sporriswoopz, LL.D., Pres. R.S.; Sir 
WiLLrax Tnaowsox, LL.D., D.C.L., F.R.S. 


Secretaries, —Prof. A. W. Rgrxorp, M.A. ; W. CHANDLER Rosern, 
F.R.S. 


Treasurer.—Dr. E. Arx1xsox. 
Demonstrator.—Prof. F. GurunIE, Ph.D., F.R.S. 


Other Members of Council.—Capt. W. De W. Asxzr, R.E., F.R.S.; 
Warren De La Rreg, D.C.L., F.R.S.; Major E. R. Fzsrr«o, R.E.; 
Prof. F. Furrer, M.A.; W. Hreems, D.C.L., F.R.S.; Prof. A. B. 
W. KxxxzpY, C.E. ; Prof. H. M:Lzop; The Earr or Rosse, D.C.L., 
F.R.S.; G. Jouxsroxs Sroxxzy, M.A., F.R.S.; R. WongweLL, D.Sc. 


After the names of the Officers and Council had been announced 
from the Chair, votes of thanks were proposed to the Lords of the 
Committee of Council on Education, to the President, to the 
Treasurer, Demonstrator, the Secretaries, and to the Auditors. 
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PROCEEDINGS 


AT THE 


MEETINGS OF THE PHYSICAL SOCIETY 


OF LONDON. 


SESSION 1879-80. 


February 8th, 1879. 
Prof. W. G. Apams, M.A., F.R.S., President, in the Chair. 


The following were elected Members of the Society :— 
W. N. Saaw, M.A.; G. B. Finca. 


The following papers were read :— 

* On the Variation with Temperature of the Thermal Conductivity 
of a bar heated at one end.” By O.J. Lopar, D.Sc. 

“On Electric Lighting, Dynamo-Electrio Machines, and Electric 
Lamps.” By J. N. SmooLBRED, C.E. 


February 22nd, 1879. 
Prof. W G. Apams, M.A., E.R.S., President, in the Chair. 
The following wero elected Members of the Society :— 
Prof. J. C. Apams, M.A., D.C.L., F.R.S. ; Prof. G. D. Livea, M.A. ; 
F. W. Pererson; Rev. Courrs Trotrer, M.A. 


The following papers were read :— 
“On an Electric Current Regulator." By Dr. C. W. Siemens, F.R.S 
* On Spectra of Lightning.” By Dr. A. ScRUsTER. 
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“Some remarks on Dr. Lodge’s paper ‘On the Variation with 
Temperature of the Thermal Conductivity of a Bar?” By Prof. W, 
E. AYRTON. 


March 8th, 1879. 
Prof. W. G. Apams, M.A., E.R.S., President, in the Chair. 


The following were elected Members of the Society :— 
Dr. T. AncHER Hirst, F.R.S.; F. Jacos. 
The following papers were read :— 
* On a New Theory of Terrestrial Magnetism.” By Profs. W. E. 
Ayrton and J. Perry. 
*On an Anomalous Experiment with the Quadrant Electro- 
meter.” By Dr. J. Horxixsox, F.R.S, 


* On the Maintenance of Constant Temperatures and Pressures.” 
By F. D. Brown, 


March 22nd, 1879. 
Prof. W. G. Apams, M.A., F.R.S., President, in the Chair 
The following was elected a Member of the Society :— 
Lieut. Hasrrxos R. Lees, R.N. 


The following papers were read :— 


** On the Photographic Method of Registering Absorption-Spectra.” 
By Capt. Asner, F.R.S. 
* On the Fracture of Colloids.” By Dr. F. Gurunrz, F.R.S. 


April 26th, 1879. 
Prof. W. G. Apams, M.A., F.R.S., President, in the Chair. 


The following papers were read :— 


* On some Phenomena connected with Magneto-electric Induc- 
tion.” By Dr. F. Gurur, F.R.S., and C. V. Boys. 


The following Notes from the Physical Laboratory of University 
College, Bristol. By Prof. S. P. TmomrsoN :— 


1. On the Source of Sound in the Bell Telephone. 
2. On a new variety of Magnetic Figures. 
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3. On Magnetic Figures for demonstration. 
4. On the Magnetic behaviour of fixed Iron-filings. 
5. Magnetic Figures of Three Dimensions. 


May 10th, 1879. 
Prof. W. G. Apams, M.A., E.R.S., President, in the Chair. 


The following was elected a Member of the Society :— 
Jonn CAstTELL Evans. 

The following papers were read :— 

* On an Inquiry into the suppression of the Induction-disturbance 
of the Telephone.” By Prof. W. F. Barnert. 

An Account and Exhibition of Gower's Loud-speaking Tele- 
phone. By Mr. Worrasrox. 

* On the Divisibility of the Electric Light.” By W. J. WirsoN. 

“On a new form of Incandescent Electric Lamp for Surgical 
Purposes.” By W. H. Corry. 


May 24th, 1879. 
Prof. W. G. Apams, M.A., F.R.S., President, in the Chair. 
The following were elected Members of the Society :— 
WALTER Euxorr ; Senier Taror, M.A. 
The following papers were read :— 


* On a New Harmonograph." By W. J. Wrirsox. 

* On a New Induction-Balance." By Prof. D. E. Hvonrs. 

* On tho Examination of certain Alloys by the Aid of the Induc- 
tion-Balance." By W. C. Ronznrs, F.R.S. 

“On a New Pump without Valves.” By Dr. Enck. 


June 14th, 1879. 
Prof. W. G. Apams, M.A., F.R.S., President, in the Chair. 
The following were elected Members of the Society :—- 
Donatp M'ArisrER, M.A. ; Sr. Georer Lane Fox. 
The following papers were read :— 


** On the Suppression of the Induction-disturbance in a Telephone 
Circuit.” By Prof. H. M*Lzop, 
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“On a New Reversing Key for Electrometer Work.” By Dr. O. 
J. Lovee. 

* On the Sensitiveness of Electrical Discharges in Vacuo.” By 
W. Sporriswoope, F.R.S., and J. F. Movrros, M.A. 

Dr. Henry Draper gave an account of his observations on the 
bright lines of oxygen in the Solar Spectrum. 

Specimens of Chromo-photographs by Dr. J. ALBERT of Munich 
were exhibited. 


June 21st, 1879. 


Extra Meeting, held at the Royal Indian Engineering College, 
Cooper's Hill. 


Lorp Rossz, F.R.S., in the Chair. 
The following papers were read :— 


** Experiments on the Friction of Water." By Prof. W. C. Uxwrx. 

* On a Method of determining the Vibration-number of Tuning- 
Forks.” By Lieut. G. S. CLARKE, R.E. 

* On an Electrical Clock." By Prof. M‘Lzop. 

* On the Surface-tension of Liquids at Temperatures near their 
Critical Pointe.” By J. W. CLARK. 


June 28th, 1879. 
Prof. W. G. Apams, M.A., F.R.S., President, in the Chair. 
The following were elected Members of the Society :— 


J. J. Eastick; J. FrercHer Movrros, M.A. 


The following papers were read :— 


“On a new Measuring-Polariscope.” By Prof. W. G. Apaus, 
M.A., F.R.S. 

* On the Distribution of Heat in the Solar and other Spectra.” 
By Sir Jogx Connor, Bart., M.A. 

* On the Conjugate Positions of two Circular Coils.” By W. 
Grant. 

* On the Spirality of the Energy of a Magnet.” By Dr. R.C. 
SHETILE. 

«* Remarks on Profs. Ayrton and Perry's Theory of Terrestrial 
Magnetism.” By Prof. Rowraxp, of Baltimore. 
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* On a modification of Arago’s experiment.” By Warrer Batty, 
M.A. 

* On a form of Galvanometer for showing the internal resistance 
of a battery.” By Conran Cooxe. 


November 8th, 1879. 
Prof. W. G. Apams, M.A., F.R.S., President, in the Chair. 


The following papers were read :— 


* On the Analogy between the Heat-conductivity and the In- 
duetion-Balance-effect of Tin-copper Alloys." By W. CHANDLER 
Ronznrs, F.R.S. 

* On the Electrical Conductivity of the Alloys examined by 
Mr. Roberts.” By Dr. O. J. Loper.. 

* On a Standard Galvanic Cell." By Capt. Armstrone, R.E. 

* On the Incandescence of Electrodes, an effect observed by Prof. 
Pirani, of Melbourne.” By Prof. F. Gururrg, F.R.S. 


November 22nd, 1879. 
Prof. W. G. Apams, M.A., F.R.S., President, in the Chair. 


The following were elected Members of the Society :— 


Prof. Carcorr Rrirrr, M. Inst. C.E. ; 
Prof. A. H. Hearn, Assoc. Inst. C. E. 


The following papers were read :— 


“On a Retention-image Photometer." By Prof. F. Gurari, F.R.S. 

“On a Suggestion as to the Molecular constitution of Chlorine 
furnished by the Dynamical theory of Gases.” By Prof. A. W. 
RUcKER. | 

* On the effect of Temperature on certain forms of Induction- 
coils, with especial reference to the physiological effects in the human 
body.” By Dr. R. C. SHETTLE. 

Crossley's Telephone Transmitter was exhibited by Mr. WALTER 
Exxorr. 
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December 13th, 1879. 
Prof. W. G. Apaxs, M.A., F.R.S., President, in the Chair. 
The following were elected Members of the Society :— 


Henry Ricumonp Droop, M.A. ; Ricmagp TETLEY GLAsEBROOK, 
M.A.; E. Paterson; Jous Henry Poyrntinc, M.A.; Prof. H. A. 
Rowraxp; E. B. Sargent, B.A.; R.C. SuerrLE, M.D.; Jonn Gray, 
B.Sc. 


The following papers were read :— 


* On a new Wheatstone's Balance for comparing Standard Coils.” 
By Dr. J. A. Fremine. 


** On a Dispersion-Photometer.” By Profs. Ayrton and Perry. 
“ On the value of ‘g’ in Japan." 


A new form of Spherometer, designed by Mr. WALTER GooLpEN 
and constructed by A. HireER, was exhibited and described. 


January 24th, 1880. 
Prof. W. G. Apams, M.A., F.R.S., President, in the Chair. 
The following was elected a Member of the Society :— 
W. E. Vinson. 
The following papers were read :— 


* On Induction in Telephonie Circuits.” By W. Granr. 

* On Intermittent Currents, and the theory of the Induction- 
Balance.” By Dr. O. J. Lopes. 

“On a Liquid Voltaic Arc." By C. V. Boys, 


A Talking-machine was exhibited and described by its constructor, 
Mr. F. FABER. 


Annual General Meeting. 
February 14th, 1880. 
Prof, Apams, M.A., F.R.S., President, in the Chair. 


The following Report of the Council was then read by the Pre- 
sident :— 


Those who have interested themselves in the wolfare of our 


PROCEEDINGS OF THE PHYSICAL SOCIETY. 7 


Society cannot fail to have been gratified by the progress that has 
been made during the past Session. The papers submitted to the 
Society, which are more numerous than in any previous session, 
have for the most part been prepared by the respective authors for 
publication. This fact has given the Council much satisfaction, as 
it has enabled the Publication Committee to issue the * Proceedings’ 
with greater promptitude than heretofore. While the Council hopes 
that Members will, as far as possible, provide written papers and 
abstracts, it is anxious to encourage the oxhibition of the simplest 
new experiment at the Meetings, or the informal communication of 
any results of a novel and interesting character. 

Last year $.e. from February 1878 to February 1879, fifteen 
papers were printed in our Proceedings. This year there were 
fourteen papers already published in October last, and during the 
past weck another number of the Proceedings has been published 
containing ten papers, making twenty-four papers during the year, 
and including papers which have been read up to our last Meeting. 

The Society is to be congratulated on having two energetic and 
efficient Secretaries, who have during the past year brought the 
publication so closely up to date that the number of Proceedings 
containing a valuable paper read at our last Meeting on January 24 
is already in the hands of Members before the present Mecting of the 
Society. 

Tho Society is also to be congratulated on the increaso in the 
number of papers considered worthy of publication. 

A study of our Proceedings will show that in these days of hasty 
printing they do not encumber, and thereby obstruct, the progress 
of Science, but that they form a valuable contribution to the litera- 
ture of Physics. 

On the day of our last Annual Meeting Mr. Shoolbred gave an 
account of the more recent development of olectric lighting, illus- 
trated by diagrams of the various systems in use ; and at the next 
Meeting Dr. Siemens described his new electric current regulator, 
based on the heating of a wire by the passage of an electric current 
through it. This apparatus he devised to regulate tho flow of a 
current 80 as to maintain it uniform, however the resistance of tho 
circuit or the electromotive force may vary. Early in March 
Capt. Abney read an important paper on obtaining photographic 
records of absorption-spectra ; and Prof. Guthrie gave the first re- 
sults of an elaborate investigation into the fracture of colloids. In 
April, in conjunction with Mr. C. V. Boys, he described some ex- 
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periments on the subject of Arago’s rotation, in the course of which 
they observed that circular cuts in the disk are more important than 
radial cuts; and by extending their research to liquids they have 
arrived at an interesting method of determining the conductivities 
of liquids, in which the errors due to polarization are eliminated. 

At our Meeting in May, Prof. Hughes exhibited his induction- 
balance and sonometer, which promise to play so important a part 
in physical research ; and none can fail to recognize the care, skill, 
and untiring patience that must have been devoted to experiments 
that have resulted in these remarkable instruments. The beautiful 
research on the stratified discharge in vacuum tubes, by Messrs. 
Spottiswoode and Moulton, was illustrated before the Society by 
the latter physicist ; and on the same day we were favoured bya 
communication from Dr. H. Draper on the presence of oxygen in 
the sun. 

A very interesting extra Meeting of the Society was held on the 
21st of June at the Royal Engineering College, Cooper's Hill, by 
the kindness of Col. Chesney, when papers were read by Profs. 
Unwin and McLeod, Lieut. Clarke, and Mr. J. W. Clark, all members 
of the College staff. 

A new theory of the earth’s magnetism, put forward by Messrs. 
Ayrton and Perry in the earlier part of the session, was based on 
the results of experiments made by Prof. Rowland, of Baltimore; 
and we were fortunate, at our concluding meeting of last Session, in 
having Prof. Rowland himself with us, who gave an account of 
his experiments on which the theory was based, and his views as to 
how far it is tenable. 

An interesting investigation in the dynamical theory of gases has 
afforded Prof. Riicker a suggestion as to the constitution of chlorine, 
and the sonometer and induction-balance have laid open a rich field 
of physico-mathematical research, which has been taken advantage 
of by Mr. Poynting, who studied the graduation of the former in- 
strument, and by Dr. Lodge as regards the induction-balance and 
the general theory of intermittent currents. Mr. Roberts has shown 
experimentally that in the case of the copper-tin alloys the curve 
of the conductivity for heat corresponds closely with that represent- 
ing the induction-balance effect, at the same time pointing to the 
incomplete character of Matthiessen's curve of electric conductivity. 
A paper on an allied subject, the induction in telephonic circuits, 
was read by Mr. Grant. 

`- Prof. Pirani, of Melbourne, drew the attention of Dr. Guthrie to 
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a remarkable effect that is produced when the terminals of a powerful 
battery are immersed in succession in various liquids, and Prof. 
Guthrie exhibited a number of experiments illustrative of the 
subject before the Society. 

Several new instruments of research have been brought before us 
during the past year ; among them may be mentioned Prof. Guthrie’s 
image-retention photometer, a measuring polariscope by the Pre- 
sident, and a valuable modification of the Wheatstone Bridge, devised 
by Dr. A. J. Fleming. 

The Conversazione given by the President and Council on the 
7th inst. was in every way successful. About 600 members and 
their friends were present. The Council looks forward to repeating 
such meeting from time to time. 

The Library Committee reports that the Library consists now 
of 236 separate volumes and about 150 pamphlets. 

Last summer an invitation was issued to Members to aid in the 
formation of the Library by cuntributing copies of their own re- 
searches and other works. In response to this, many valuable con- 
tributions have been received. Amongst these may be mentioned 
works by Descartes, Helmholtz, Tyndall, and Thomson, presented 
by J. Sterling ; a very large collection of books and pamphlets on 
subjects relating to electricity, and having an espccial historical 
interest, presented by Latimer Clark; Plateau’s ‘Statique Experi- 
mentale ct Théorique des Liquides, presented by the author; the 
* Observatory, nos. 1-27, presented by W. H. M. Christie; about 
twenty volumes on miscellaneous scientific subjects, presented by J. B. 
Huntington; Janssen's * Mélanges Scientifiques, comprising nearly 
a complete set of his works, by the author. The following gentle- 
men have been also good enough to make very acceptable contribu- 
tions:—W. Besant, M.A. (Whewell's * History of the Inductive 
Sciences,’ 3 vols.); Prof. B. Stewart (Treatise on Heat); Dr. W. M. 
Watts (Watts’s *Index of Spectra’); Rev. J. Perry (* Meteorological 
Observations, Stonyhurst’); R. H. M. Bosanquet, M.A. (Treatise on 
Temperament); Dr. W. Spottiswoode (Polarization of Light) ; F. D. 
Brown (Arnott's *Natural Philosophy, 2 vols.); E. Rigg, M.A. 
(Saunier's * Treatise on Modern Horology ’). 

The Council again propose to add two names, those of Clausius 
and Fizeau, to our list of illustrious Honorary Members, of whom it 
must be remembered that, in accordance with our Bye-laws, after 
this Meeting, only four will remain to be selected. 

The cleims of the distinguished men whose. names are placed 
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before you for election as Honorary Members are so well known thatit 
is scarcely necessary that special attention should be drawn to them. 

M. Hrrrotyre Lovis Fizzav is known for his investigations, some 
forty years ago in connexion with M. Foucault, on the use of bromine 
in the preparation of Daguerreotype plates, and on the action of the 
red rays on sensitive substances, also for his researches on the Electric 
Arc, as well as on the Interference and Polarization of Light, and 
the Interference and the Wave lengths of Heat radiation. But M. 
Fizeau is more widely known as having been the first to determine 
(more than thirty years ago) the velocity of light by actual experi- 
ment on the earth's surface, by sending a beam of light to a mirror, 
8633 metres off, and measuring, by means of revolving wheels, 
the time it takes to go and return to the station of the observer. 
Soon after M. Fizeau carried out the experiment which had 
been suggested by Arago years before, founded on Wheatstone’s 
method of the revolving mirror, and presented his results to the 
Academy in June 1850. He had previously presented a note on his 
method on May 6 of the same year, the day on which M. Foucault 
presented his complete memoir on the subject to the Academy. 

M. RuporPH Junivs ExwxaNUEL Cravsivs is well known for his 
investigations on the Mechanical Theory of Heat, and his work on 
the Kinetic Theory of Gases will now become more widely known 
to English readers theough the translation which has lately been 
issued, with the sanction of Professor Clausius himself. It will 
perhaps be not too much to say that there is no one to whom we 
are more indebted for the creating anew and the complete deve- 
lopment of this special branch of Science. 

Our grateful thanks are, as heretofore, due to the Lords of the 
Committee of Council on Education for permission to hold our 
meetings iu the Science Schools, and to Dr. Guthrie, who has con- 
tinued to act as Demonstrator. 

If we attempt to compare the progress made in Physics with the 
progress made in other branches of science, we shall find that not 
only will Physics stand well to the front, but that other Sciences 
are getting more and more interwoven with Physics, and are 
advancing, chiefly by means of the investigations and discoveries 
which Physics brings to their aid, and by reason of the mutual de- 
pendence of the various physical forces on one another. 

The increasing demand for our * Proceedings’ by other scientific 
bodies would alone afford abundant proof of tho appreciation in 
which the Society's work is held, even if the evidence afforded by 
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its continued growth were wanting. The number of Members has 
risen from 266, at the date of our last Annual Meeting, to 298 at the 
present time. 17 Members have compounded during the year. 

The Society has to lament the loss of three of its Members. 


Mr. Ricnarp Secxer Bnoven, an original Member of our Society, 
was the youngest son of Thompson Brough, Esq., M.D. He was 
born at Killegan, in the county of Wicklow, on the 17th of October, 
1846, and received his early education at a private school in Jersey, 
and later at the Victoria College. At Avranches he subsequently 
studied the Italian and German languages and Physical Science, 
and showed great interest in Mathematics. 

It was about this time that Sir Stafford Northcote introduced the 
present system of examination for the Indian Telegraph Service. 
Mr. Brough was nominated for that service, and, after another 
year’s study at Southampton and University College, London, he 
was appointed, by the Secretary of State for India, a fourth-grade 
Assistant Superintendent in 1869. His ability was so marked 
that he was appointed Assistant Superintendent of Stores in 1870. 
Shortly afterwards he was transferred to Madras to take charge of 
that important Telegraph Station. In March 1871 he was recalled 
to be appointed an Assistant to the Superintendent Electrician, 
which important position he held up to the time of his death. In 
the Electrician's office, where physical experiments of varied nature 
are daily executed, he had all the opportunity to develope his special 
talents, which he did with marked success. During Mr.Schwendler’s 
absence from India, he was invariably deputed by the Director 
General to officiate for that officer, on account of the very great 
ability which he had shown in all the technical branches connected 
with telegraph administration. His latest practical work, in con- 
nexion with the Indian Telegraph, was undertaken with the special 
purpose of testing and repairing the faulty Paumben cables in con- 
nexion with the Ceylon cable. 

Mr. Brough was the author of numerous papers on electrical 
subjects, which were published in the * Proceedings of the Asiatic 
Society of Bengal.’ 

He was one of the most active members of the Asiatic Society, 
and since 1871 has been a member of the Physical Science Com- 
mittee of that Society. He was elected an associate member of 
the Institution of Civil Engineers, He was also a member of the 
Society of Telegraph Engineers in England. 
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His kind and generous disposition was especially shown towards 
those who had the fortune to serve under him. 


Mr. Le Neve Foster was perhaps the best known of those 
Members whom the Society has lost by death during the past year. 

Mr. Foster, who died in February last, had been Secretary of the 
Society of Arts since 1853. He was born in 1809, and was the son 
of Mr. Peter Le Neve Foster, of Lenwade, Norfolk. He was edu- 
cated under Valpy at Norwich, and from thence went up to Trinity 
Hall, Cambridge, where he was thirty-eighth Wrangler in the 
Mathematical Tripos of 1830, and was afterwards elected Fellow 
of his College. Called to the bar at the Middle Temple in 1836, 
he practised as a conveyancer until he became Secretary to the 
Society of Arts. He was intimately associated with all the earlier 
International Exhibitions, from 1851 downwards. Taking a general 
interest in many branches of Science, the subject of Photography 
was the one to which he principally devoted himself. He was one 
of the first to practice the art as a scientific amateur, and wrote a 
good deal on it, principally in the ‘ British Journal of Photography.’ 
He was one of the founders of the Photographic Society, and served 
for many years on its Council. For twelve years ho acted as Secre- 
tary of the Mechanical Section of the British Association, the last 
time being at the Meeting at Brighton in 1872. Mr. Foster's long 
connexion with the Society of Arts made his a well-known figure 
in all scientifie circles; and it may certainly be said that wherever 
he was known he was greatly liked. He was not an original Mem- 
ber of the Society, but joined it in 1877, soon after its formation. 


The next on our obituary list is one who was cut off before he 
had time to confirm the reputation which certainly would have been 
his in a very few years. 

Mr. Tuomas WiLLs was one of the most promising of our younger 
generation of chemists. He had not long been a Member of our 
Society, for it was only in March 1878 that he joined it. Most of 
his work lay in matters outside our range; though his recent work, 
in connexion with gas-lighting and of the products of combustion 
in the electric arc, was associated not less with physics than with 
. chemistry. 

Mr. Wills was born in 1850, and was educated at University 
College School and at King's College. In 1868 he became Assistant 
to Dr. Odling at Bartholomew's Hospital; and when Dr. Odling 
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became Fullerian Professor at the Royal Institution, Wills accom- 
panied him as Assistant. In 1873 he resigned his post to become 
Demonstrator in Chemistry at the Royal Naval College, Greenwich, 
and in the year following he became Secretary to the Chemical 
Section of the Society of Arts, on its foundation. He was Secretary 
for one year to the Chemical Section of the British Association, and 
was a Member of the Association Committee for ascertaining the 
best methods of utilizing the illuminating power of coal gas. He 
read many papers before the Chemical Society, the British Asso- 
ciation, and the Society of Arts, and other Societies. For one 
of his papers he received a Society of Arts Medal, as he did also 
for a series of Lectures on Explosions in Coal-mines, given in 1878 
before that Society. 


Though Prof. Clerk MaxwrLL was not a Member of the Society, 
the Council cannot refrain from recording their share in the profound 
regret that has been so widely expressed for his untimely death ; 
for, in the graceful words of the President of the RoyalSociety, **in 
Maxwell the full maturity of a mind which had suffered no check 
or shadow of abatement, was devoted to the foundation of & more 
thorough knowledge of molecular physics and electrical laws than 
had hitherto been attained.” 


The publications other than the *Proceedings, which are in- 
tended to form an important feature of our work, still actively 
engage the attention of the Council. The first work published by 
the Society, ‘The Centimetre-gramme-second System of Units,’ by 
Prof. Everett, was found to be so useful that the entire edition was 
rapidly distributed; and, as a second edition was called for, the 
Council willingly acceded to the request of Prof. Everett, that his 
work, supplemented by a collection of physical data, should form 
one of the well-known series of mathematical treatises published by 
Messrs. Macmillan. A Dutch translation of the first edition ap- 
peared in 1877. 

By the issue of the collected works of the late Sir Charles 
Wheatstone an important addition has been made to scientific lite- 
rature, and the Members cannot fail to share in the appreciation 
with which it has been so generally received. 

The Reprint Committee has decided to undertake the translation 
of the more important of Volta’s papers on Electricity. They 
are supported in this decision by the opinions of Sir William 
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Thomson and Professor Clifton, who have given valuable advice 
as to the selection of papers for translation. Arrangements have 
been made for the translation of some of these papers under the 
supervision of the Committee, and the work will be taken in 
hand at once. 


The Treasurer presented an audited Balance-sheet, and the Society 
then proceeded to the election of the Council and Officers for the 
ensuing year, and of Honorary Members. Mr. BIDWELL and Mr. 
Grant were appointed Scrutators. The following were declared 
duly elected :— 


President.—Sir Wu. Tuomson, LL.D., D.C.L., F.R.S. 


Vice-President (who has filled the Office of President).— Prof. W.G. 
Avams, M.A., F.R.S. 


Vice-Presidents.—Prof. R. B. Cirrton, M.A., F.R.S. ; Lord Rar- 
teIaH, M.A., F.R.S.; W. Sporriswoopr, LL.D., Pres.R.S.; W. 
W. Hvoerus, D.C.L., F.R.S. 


Secretaries.—Prof. A. W. RerNoLD, M.A.; W. CHANDLER Roserts, 
F.R.S. 


Treasurer.—Dr. E. ATKINSON. 
Demonstrator.—Prof. F. Gutur, Ph.D., F.R.S. 


Other Members of Council.—Capt. W. De W. Anney, R.E., F.R.8.; 
Watrer Barty, M.A. ; J. H. Corrermt, M.A., F.R.S. ; Warren De 
La Rvg, D.C.L., F.R.S.; Major E. R. Festrwe, R.E.; Prof. G. C. 
Foster, F.R.S.; Prof. F. FuLLer, M.A.; J. Horxixson, D.Sc., 
M.A., F.R.S. ; A. Scuusrter, Pu.D., F.R.S. ; G. JOHNSTONE STONEY, 
M.A., F.R.S. 


The following were elected Honorary Members :— 
R. J. E. Craverus ; H. L. Frzeav. 


After the names had been announced from the Chair, Votes of 
Thanks were carried :—to the PREsIDENT; to the Lords of the 
Committee of Council on Education; to the DEMONSTRATOR, TREA- 
SUBER, SECRETARIES, and to the AUDITORS. 
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